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An experimental program was conducted to evaluate the flame quenching capability 
of four types of flame arresting devices suitable for Installation on the fuel 
cargo tank vents aboard marine transport vessels* The four types of flame arresters 
included a single 30-mesh screen » a dual 20-mesh screenp a spiral-wound, crimped 
metal ribbon and a packed bed of Ballast rings* The testing In a 15*2 cm (6*0 in) 
diameter pipe facility simulated open environment flashback flame conditions as 
closely as practical. Both photographic and optical flame sensors were utilized to 
determine flame speed and flame penetration of the test arresters* A total of 
eight fuels that are representative of bulk cargos were tested* These included: 
(1) acetaldehyde, (2) butane, (3) ethylene, (4) diethyl ether, (5) gasoline, (6) 
methanol, (7) propane, and (8) toluene* All four of the test arresters successfully 
quenched a mlnlnum of three flashback flames from all eight fuels with one exception, 
high speed ethylene flames penetrated the dual 20-mesh screen arrester on three 
tests* All four of the test arresters successfully withstood the sustained flame 
from a propane/air mixture for a test duration of 30 minutes* However, none of 
the arresters tested withstood the sustained flame from an ethylene/air mixture 
for more than 7 minutes* 
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SECTION I 


NUMMARY 


An experimental prof^ram was conducted to determine the flame quenching 
capability of four types of flame arresters suitable for Installation <»n fuel 
cargo tank vents. The four types of flame arresters Included a single 30-mesh 
screen arrester, a dual ?0-mesh screen arrester, a spiral -wound, crimped ribbon 
arrester, and a packed bed of rings arrester. The tests simulated the exhaust of 
flammable fuel/air mixtures from a cargo tank vent into an open deck environment. 
Ignition of the exhaust fr^wi an external source caused a flame to flash back over 
a finite run-up distance to the vent stack, which was protected by a flame arrester. 
In some tests, the flame was sustained on the arrester for durations up to 30 min- 
utes. The flashback flfune tests used eight different fuel/air mixtures to produce 
flames with speeds representative of those from fuels that could be carried as 
bulk cargo aboard typical transport vessels. The fuels used in testing were 
(l) acetaldehyde, (2) butane, (3) diethyl ether, (U) ethylene, (5) gasoline, 

(6) methanol, (7) propane, and (0) toluene. Of these fuels, propane and ethylene 
were used during the facility check-out, the initial screening testa, and the 
sustained burning teste. The standard test condition was a fuel/air mixture at 
an equivalence ratio from l.O to 1.2 (which produced the theoretical maximum flame 
speed for the fuel used) and a flow velocity that was low enough, 1.52 ro/s (5 ft/s), 
to assure flame propagation back into the inlet piping in the event of an arrester 
failure. 

The experimental program was performed at the Jet Propulsion Laboratory's 
Edwards Test Station (dPL-ETS) where the existing B-Stand facility provided suit- 
able safety protection and support activities. A photograph of this test facility 
is shown in Figure 1-1. The facility was modified by adding a gaseous fuel system, 
a large flame test chamber, and a vertically directed, sustained burning test 
stand. The fuel/air supply and induction system provided a continuous flow of 
flammable mixture into a ?3.0-m (70-ft. ) length of 15.2-cm- (6-in.-) diameter 
piping. The flame arrester test assemblies were mounted at the end of the facility 
piping to simulate the vent stack configuration aboard a tai»k vessel. Optical 
flame sensors, pressure sensors, and thermocouples were installed in the facility 
piping to witness and record any flune penetration. A 2.**l4-m (0-ft.-) diameter 

by L.27-m- (lU-ft.-) long cylindrical chamber provided a protecting enclosure 
surrounding the teat arrester and the flow area for a considerable distance d' wn- 
stream. The open ends of the test chamber were covered with a thin opaque plastic 
film to prevent wind dilution and dispersion of the flammable fuel/air mixture 
plume, but offered minimal restriction to the expanding gases after combustion. 

An exhaust collector and burn-off stack located at the downstream end of the teat 
chamber maintained atmospheric pressure within the chamber before ignition, and 
provided a means of reducing atmospheric pollution from the unburnod fuel/air 
mixtures passing through the chamber. Optical flame sensors, pressure sensors, 
and a high-speed motion picture camera were used in the flame test chamber to 
witness and record ignition and flame propagation. It was possible to ignite the 
fuel/air mixture from two different locations: (l) at the upstream end of the 

chnmbe**, close to the face of the test arrester, and (2) at the downstream end of 
the chamber where the distance was sufficient to insure that the flame propagating 
upstream had achieved steady-state speed upon reaching the test arrester. The 


1-1 


t/g.i 



origin W. l-AGfj^ 


An Initial series of screenirt^ tests were made in the full-acale flame teat 
chamber using propa»ie/air mixtures and ethylene/air mixtures (as representative 
of the two extremes of probable flame speeds for typical bulk cargo fuels) to 
determine which igniter location (upstream or downstream) produced the most severe 
teat conditions. The severity being identified as the highest flame speed pr p- 
agating upstream towards the test flame arrester. Both the single 30-mesh screen 
arrester and the dual 20-mesh screen arrester were evaluated for flame quenching 
capability on these tests. The resulting flame speeds ranged from 2.99 to 6.60 ra/s 
(9.81 to 21.65 ft/s) with the upstream igniter location producing the higher flame 
speed for both fuel/alr mixtures. A tabular summary of average values of flame 
speeds and peak pressure rises for all fuels tested is given in Table 1-1. The 
single 30-mesh screen arrester quenched all flashback flames for both fuel/alr 
mixtures. The dual 20-mesh screen arrester quenched all propane/air mixture 
flames and the ethylene/air mixture flames initiated by the downstream igniter 
location. The ethylene/air mixture flames initiated by the upstream igniter loca- 
tion penetrated the dual ?0-mesh screen arrester in three successive test firings. 

A tabular summary >f the flashback flame quenching teat results for all fuel/alr 
mixtures anl test arrester assemblies is given in Table 1-2. 

The upstream igniter location was used on all the subsequent flashback flame 
quenching tests. The single 30-mesh screen arrester and the dual 20-mesh screen 
arrester were tested with the six remaining fuel/air mixtures. Both arresters 
were successful in quenching the flames on all test firings as shown in Table 1-2. 
The resulting flame speeds, or test condition severities, for the six additional 
fuel/air mixtures were less than those measured for the ethylene-fuel/air mixture, 
as shown in Table 1-1. 

The original test configuration for the packed bed of oluminiim Ballast rings 
arrester was unsuccessful in quenching the flashback flames from garol Ine/alr 
mixtures in three successive test firings. A single 30-mesh screen was added on 
the downstream end of the arrester, between the retainer grid and the bed of 
rings. This modified configuration was successful in quenching flashback flames 
fre.m the propane/air mixture, gasollne/air mixture, and three out of four test 
firings with ethylene/alr mixture. The spiral-wound, crimped stainless-steel 
ribbon arrester was successful in quenching all flashback flames from propane, 
ethylene, and gasollne-fuel/alr mixture test firings. The test results are 
summarized in Table 1-2. 

The sustained burning tests were conducted outside of the flame test chamber 
by rearranging the facility piping. Using a combination of pipe elbows, the last 
section of inlet pipe was redirected 90 deg to one side and the flame arrester 
test assemblies were mounted on the end of the pipe in the vertically up position. 
Two different sizes of flame screen arrester assemblies were tested, (l) the 
original 15.2-cm- (6-in.-) diameter adapter housing and (2) a new 25. ^^-cm- 
(10-ln.-) diameter adapter housing. This change in arrester flow area was made 
to evaluate the effects of the approach velocity and flow-through velocity of the 
fuel/air mixture on the thermal environment at the screens. The single 30-mesh 
screen arrester and the dual 20-mesh screen arrester in both pipe sizes, the 
packed bed of Ballast rings arrester, and the spiral -wound, crimped ribbon arrester 
were all successful in maintaining sustained burning with the propane/air mixture 
for the full 30 minutes (1000 seconds) of test duration. 
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SustaineJ burning testb were also made with the ethylene/air mixture, but 
because of the anticipated severity of test conditions, only the packed bed of 
BaJ last rings arrester and the spiral-wound, crimped ribbon arrester were tested. 

The spiral-wound, crimped ribbon arrester failed in two tests of U23 seconds and 
333 seconds duration. The packed bed arrester failed on the first tests after 
only U 3 seconds duration, and resulted in a deflagration-to-detonation transition 
in the arrester bed. On the second test, the packed bed arrester failed immc'diately 
after ignition due to a damaged screen. The results of the sustained burning 
tests are sammarized in Table 1-3. 


Tabic 1-3. Tabular Tummar/ of . ustained Burning Test Results 


Flame Arrester Type of Time Duration 

Type and Size Fuel of Burning, s Flamethrough 


15.2-cm- (6-ln.-) dieun. 
30 -mesh stainless-steel 

single 

screen 

Propane 

1800 

No 

15.2-cm- (6-in.-) diam. 
20-mesh stainless-steel 

dual 

screen 

Propane 

1800 

No 


25.**-cm- (lO-in.-) dicun. single Propane I 8 OO No 

30-mesh stainless-steel screen 

2 . 5 ^-cm- (10-ln.-) diam. single Propane I 8 OO No 

20-mesh stainless-steel screen 


30 . 5 -cm- (12-ln.-) diam. by 
20.3-cm- (8-in.-) long spiral- 
wound, crimped stainless-steel 
ribbon 


25.**-cm- ( 10-in.-) diam. by 
U5.7-cm- (l8-in.-) long packed 
bed of 2.5**-cm- (1.0-ln.-) 
size aluminum ballast ring 
plus a single 30-mesh 
stainless-steel screen 


Propane 

Ethylene 

Ethylene 

Propane 

Ethylene 


Yes 


1800 

No 

U 23 

Yes 

383 

Yes 

1800 

No 

1*3 

Yes 




Ethylene 
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SECTION II 


INTRODUCTION 


The U. 8. Coast Guard, under the Ports and Waterways Safety Act (PL 92-3**0), 
is responsible for the safety of vessels and U. S. ports from the inherent hazard 
)f handling petroleum products. The Coast Guard must insure that earro tanks 
aboard vessels are adequately protected from ignition sources that may be present 
on deck. Ships and barges that carry grades D and E flammable coi'go are required 
under Subcharter D of Title U6 to have flame screens on the vent outlets of carr ■ 
tanks, cofferdams and void spaces, and on all open ullage holes, hatches, r 
Putterworth plates. The screens prevent accidental flame passage from the open 
deck int' the cargo tank. A single 30-mesh screen or dual 20-mesh screens spaced 
more than one-half inch apart and not more than one and one-half inch apart are 
approved by the U. S. Coast Guard. 

The adequacy of the flame screen as a flame arrester has been questioned 
(Reference 2-1). Wilson and Crowley (References 2-2 and 2-3) carried 'ut tests 
for the U. S. Coast Guard with screen arresters, where the screens were mounted 
some 1.83 m (6.0 ft) Inboard from the open end of the pipe, rather than at the 
end as In the standard vent-stack Installations. These nonstandard installations 
were used for tests of screer arresters at high turbulent flame speeds, ranging 
from 2 to 30 m/s (6.6 to 98. U ft/s). These tests of screen arresters were more 
severe than those where the screens were mounted in the standard installation. 

Under certaiii conditions, screen arresters failed to quench the flame In some of 
these tests. It seems, however, that the higher flan.c speeds were accompanied by 
gross gas motions that caused apparent discrepant flame quenching results. 

Because the Wilson and Crowley test conditions were not representative of 
flashback-flame propagation to a standard vent-stack installation in an open 
environment, more tests that simulated the actual conditions existing aboard fuel 
cargo transport vessels were needed. One of the major points of interest is 
whether or not a flame will accelerate in an open deck environment and what effect 
this accelerated flame speed has on the quenching capability of the screen arrester. 

Screen flame arresters mounted at the end of a vent stack are designed 
prevent flames ignited outside the tank from propagating into the tank. It is 
assumed that the flammable gases in the vent stack are either quiescent or flow- 
ing out. On the other hand, most of the reported tests on screen flame arresters 
confine the flame in an enclosure whose only or major outlet was through the flame 
arrester (Reference 2-U). Combustion within an enclosure is invariably accompanied 
by considerable gas flow through the screen in the direction of flame propagation. 
The hypothesis to be tested was whether an unconfined turbulent flame flashback 
can be stopped from propagating into a vent stack whose end is covered with a 
screen flame arrester. In these tests, it was supposed that there is no gross 
gas flow through the screen associated with the ignition and propagation of the 
flame. 

Screen flame arresters are designed to completely enclose the outlet openings 
with a fine wire mesh. The wire mesh is sufficiently open so that it offers neg- 
ligible obstruction to the passage of gases and vapors, but the mesh openings are 
too small to allow the passage of flames. There should be no opening in the 
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screen flame arrester with an equivalent hydraulic diameter larjJier than the 
critical diameter of flame quenching In a tube. The critical diameters for flame 
quenching in a tube for a large variety of different flammable gas mixtures have 
been established in extensive laboratory tests, as discussed in Wilson and 
Altai ah *8 review of flame arresters for cargo venting systems (Reference ?-5). 

It haa been shown for laminar flames propagating in flammable gases that the 
correlation for the critical Peclet number (Pe) (Reference 2-U) is: 

logic Pe • 1.8 t 0.3 

Pe la defined as Dcfi * Su/a, where Dcr is the critical diameter for flame quench- 
ing in H tube, Su is the laminar flame velocity in the unburned mixture, and a is 
the thermal dlffuslvlty in the unburned mixture. The uncertainty in the value of 
logio P® allows for differences in the behavior of widely different fuels and 
xidizers, but it is sufficiently restrictive to yield useful design values for 
the maximum allowable opening sizes in flame arresters. 

The concept of quenching a laminar flame in a narrow tube through heat loss 
to the walls of the tube is well established (Reference 2-5 )• For effective 
flame quenching, the surface must be noncatalytic (this requirement is satisfied 
by all commercial materials of construction) cuid heat dissipative (stainless 
steels have adequate conductivity). Screen flame arresters differ fr-m isolated 
orifices of the flame quench theory in that there are arrays of orifices. Each 
orifice in the array acts Identically to an Isolated orifice as far as flame 
quenching is concerned. Gas flows and heat transfer associated with flame propa- 
gation oTkd gas volume expansion seem to be the main causes of screen failure. 

The flame heats and weakens the wires of the screen so that fluid friction and 
pressure tear openings into the wire mesh (References 2-6, 2-7, and 2-8). It is 
evident that prolonged exposure to sustained burning will decrease the quenching 
capability of the screen arrester, a phenomena that requires further investigation. 

Flames propagating in open environment are almost invariably turbulent, as 
opposed to the laminar flames considered in the quenching theory (Reference 2-9). 
For most practical considerations, open turbulent flames con be considered highly 
wrinkled laminar flames whose characteristic wrinkle dimension is in the order 
of the critical diameter for flame quenching. The heat release rate is propor- 
tional to the total area of the propagating wrinkled flame front, which con be 
many times larger than the superficial projected flow area. The criterion for 
the critical diameter for flame quenching by the flame arrester is the same for 
turbulent and laminar flames according to Reference 2-U, but the heating effects 
of the turbulent fleune are very much greater. In addition, the nonuniform and 
fluctuating turbulent flame front can cause, in pockets of the flame, the release 
of transient high pressure and high heat that far exceed in value the pressure 
emd heat of a laminar flame (Reference 2-11). If a transient high reactivity 
pocket of gas coincides with the intersection of the flame front and t.he screen 
flame arrester, there is a probability that the flame will penetrate the screen 
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at that 1 )Ctttl >n. T- prevent Burh fUune penetrat l.)ru c.^nBervat Ive »lei l^:n p!**iL*t 
w.uhl call f >r screen j>enlnK8 substantially smaller than the thc:ret I v_»ai critical 
diameter f- r flame quenchlnf% Those c onsiderations are probably the reast^n that 
HozlovsKll and ZaKaznov’s review (Heference 2-U) presents such a wide ron^e f 
critical Keclet numbers reported by different Investigators in simulation of 
pract 1 cal fire envl r onment s . 

It is Imp rt ant to make a distinction between **burnlng velocity** and **fliym‘ 
speed** (Heference T-9^. Burning?: velocity la defined as the speed of the propaca- 
th'jn of a flfime front relative to the speed of the unburned ^ras. It Is a pr- perty 
• f the f^as composition and of the physical state of the unburned gas r.lxture. 

Flame speed is defined as burning velocity plus any gr('ss motion in the unburned 
ras relative t- a fixed fnune of reference. It is Influenced by gross gas motl ri 
and by the geometry of arjy enclosing structure. 

The propagation t f a flame In a duct can create gross gas motion. This is 
clearly Illustrated if we consider a duct» closed at one end and open to the 
utmosphert at the other, filled with a flammable gas. When the gas Is ignited at 
the closed end of the duct, the flame speed is greater than it would be if the 
flame were started at the i'jpen end and allowed to travel to ward the lM .)sed end. 

In the case >f closed end Ignition, the burned gas Is expanding and pushing the 
unburned gas out the open end of the duct, so that the ** flame speed** is the sum 
of the **burning velocity** and the gross motion, which is caused by the expansion 
I'f the trapped hot combustion products. In the second case, the ignition at the 
^'pen end causes the unburned gas to remain stationary, hence the observed **f]ame 
speed** is nearly the **burning velocity** with differences due mainly to flame fr >nt 
Interaction with the duct wall. 

Willie gross gsc motion does not change burning velocity by itself, there a^ 
addltii'nal fact^^rs that cause enclosed turbulent flames to accelerate In burni..g 
velocity. Acceleratiim of turbulent flames in ducts has been discussed In a pre- 
vious .TPL report (Reference 2-10) in connection with transition from deflo^rratlon 
to detcniat ion. Little understoc>d interactions between turbulent flame propagat l<^n 
mui the turbulent boundaiy layer on a duct wall con lead to appreciable accelera- 
tion of the burning velocity. The flame can be accelerated to such a high speed 
that shock waves become associated with the highly turbulent flame front, where- 
upon compressive heating causes still greater acceleration until detonation is 
obtained. In a confined duct, particularly in those with rough walls, turbulent 
flames con readily accelerate to the point where self-compressive ignition occurs. 
The transition from deflagration to de\.onation in hydrocarbon-fuel/ai r mixtures is 
on extremely Improbable event in ar. open environment, but detonations can be ini- 
tiated by a shock wave fran an exteimal sou'^ce, such as a bomb (Reference 2-11 ). 

Pipes carrying vapors out of cargo tanks thi^t contain volatile fl^uiunable 
liquids may contain a fuel/air mixture within the flammable range, as illustrated 
In Figure 2-1. A source of flame ignition outside the vent stack, as illustrated 
in Figure 2-2, may cause a flame to propagate into the vent stack. Flame propa- 
gation within a narrow pipe is particularly dangerous, because both confinement 
nV the expanding hot combustion products and flame front acceleration due to 
interaction with the wall boundary lay'er can occur. In severe cases, the flame 
propeigation can become a destructive detonation wave. The illustration in Fig- 
ure 2-2 shows a flame front accelerating inside a pipe in contrast to the uniform 
rate of propagation in the open air. 
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Figure 2-1. A Flammable Fuel/Air Mixture Flowing Slowly Out of a 
Vent Stack Into the Open Air 


The Installation of a simple screen flame arrester to close the open end of 
the vent stack to flames while still allowing free flow of vent vapors is shown 
in Figure 2-^. Here the flame from an outside ignition source does not propagate 
into the vent »jtack, but impinges on the surface of the screen. If the equivalent 
hydraulic diameter of the openings in the wire mesh of the screen flame arrester 
are smaller than the critical diameter for flame quenching, then the flame will 
be stopped by the screen. The concept and theory of the critical flame quench 
alameter has been reviewed by Wilson and Attalali (Reference 2-5). The flame, 
can, however, continue to burn on the surface of the screen if there is a flow 
of flammable mixture through it. The continued heating can lead to flame flash- 
back if the wire screen's temperature becomes high enough. One element of the 
program was to test susceptability to flashback due to continued burning on the 
surface of the screen flame arrester. 
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Figure 2-2. An External Ignition Source Sends a Spherically Expanding 
Flajne Front Propagating Into the Flarunable Mixture in the 
Vent Stack 


If the screen is mounted internally in the vent stack as shown in Figure 2-1, 
the tlome arresting effectiveness of the screen is reduced. Upon entry into the 
open end of the vent stack, the flame accelerates. The accelerated flame speed 
causes the pressure to rise ahead of the flnme front, and, if severe enough, push 
the flame through the screen. The gas flow In the pipe can be momentarily 
reversed so that the flame front and the gas flow both propagate in the same 
direction, which is through the screen flame arrester. Once the flame has 
penetrated the screen, the situation is even more dangerous since the failed 
screen flame arrester now acts as a barrier to hot gas flow, and thus causes an 
even greater acceleration of flame speed and a greater likelihood of detonative 
combustion. 
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i'lgure t-3. A Propagating Flame Front Impinges on a Screen Flame 
Arrester Mounted on the End of the Vent Stack and 
Does Not Enter the Piping 


A screen flame arrester damaged by a hole nay fall to arrest a propagating 
flame If the hole diameter Is larger than the critical diameter for flame 
quenching. The subsequent propagation of the flame In a duct. Illustrated In 
Figure 2-5. is even more dangerous than if the duct were unprotected by a screen, 
because now the punctured screen flame au'rester acta as a flow obstruction to the 
burned gas and causes a higher flame speed. The effect of constricting the outlet 
opening Is illustrated by V/ilson eind Crowley's (References 2-2 and 2-3) use of a 
constricting orifice on a duct outlet to promote high flame speeds in their flame 
arrester tests. A flow obstruction on a duct outlet was used to obtain deflagration 
to-dotonation transition during some detonation- flame arrester tests at the Jet 
Pr jpuision Laboratory (Reference 2-10). 
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FlfTure 2 ~‘*. An Internally Mounted i^rreen Flame Arrester Is Penetrated \ 

by an Aceeleratlnf» Flame In the Vent Stack ripln»? ji 


Some basic properties useful In carrying out the experimental work reported 
herein are listed for convenient reference. In Table ?-l, the fuel's most common 
name, the chemical name ( Internal i nal Union of Chemistry nomenclature), chemical 
formula, and molecular weight are listed. Some of these fuels possess other com- 
mon or trade names In commerce, but the listed names should be adequate to Identify 
the material completely. 

In Table 2-2, basic flame properties are listed (Reference 2-12). The stoi- 
chiometric alr/fuel ratio Is the minimum mass of air needed to burn the fuel to 
carbon dioxide and water. The laminar burning velocity Is the maximum value 
reported for the fuel burning In air at 25*C and one atmosphere of pressure. The 
equivalence ratio (defined as the ratio of the stoichiometric air/fuel ratio to 
the actual air/fuel ratio) at which the maximum burning velocity is observed is 
tabulated next. The critical diameter for flame quenching is reported for two 


Figure r-5. A Propagating Flame Penetrates a Damaged Screen Flume 
Arrester and Accelerates in the Piping 


conditions: the first is at stoichiometric air/fuel ratio, and the second is at 

the minimum of the ijuenching diametei^-equi valence ratio curve. For all practical 
purposes, the equivalence ratio for minimum quenching diameter coincides with the 
equivalence ratio for maximum burning velocity. The spontaneous ignition tempera- 
ture as determined in an ASTM test is given. The equivalence ratio for the lean 
flammability limit for upward propagation in a closed tube is listed. These values 
are lower than the flammability limit for downward propagation, hence are more 
conservative for estimating conditions for ignition in the flame arrester tests. 
Reported values are under temperature conditions where fuel-vapor /air mixtures 
can be obtained, and one atmosphere pressure. 



T«bl« 2-1. Prop«rtl«a of 8«l«cted Puals 


Cannon N*n« 

Chemical Name 

Pomula 

Molecular Uei«ht 

Acetnldehyd* 

Ethan al 

CHjCHO 

U.053 

Butane 

n- Butane 

^«10 

58.123 

Diethyl ether 

Ethoxy ethane 


7 U.122 

Ethylene 

Ethane 

C2«, 

28.05>« 

Oaaoline 

- 


lll.Uli 

Methyl alcohol 

Methanol 

CHjOH 

32.0U2 

Propane 

Propane 


Utt.096 

Toluene 

Methyl benzene 


92.IUO 

• 
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Table 2-2. Conbustion Properties of Selected Test Piiels 



wta not available 








SECTION III 


TEST FACILITY DESCRIPTION 


A. GENERAL 

All teutinf^ for this program was performed at the B-Stand facility of the 
Jet Propulsion Laboratory's Edvards Test Station. The B-Stand test area contains 
an air compressor system, fuel system, fuel vaporizer and condenser loop, fuel 
and air Induction system, facility piping, test flame chamber, and an exhaust- 
burn stack. The teat facility flow system schematic diagrams are shown in Fig- 
ures 3-1 nd 3-2. Table 3-1 gives a description of the symbols used in the 
schematic diagrams. A detailed description of the major portion of this test 
facility is given in Reference 2-10. Some modifications and additions were made 
to incorporate gaseous-type fuels, flashback flame testing, and sustained burning 
testing for this program. 

The following is a brief description of the various facility systems includ- 
ing the mudificaticns and new additions. 


B. AIR COMPRESSOR SYSTEM 

A new multistage centrifugal turbine air compressor was installed, which is 
rated for 11.3 m^/min (1*00 indicated cfm) at Ul.l* kN/m^ (6.0 psid). It is driven 
by a ll*.9-kW (20-hp) electrical motor. Air flow in the 10.2-cm- (U-in.-) diameter 
pipe system is controlled by a remotely operated metering valve and a remotely oper- 
ated bypass valve. Flow rate is measured using a Meriam Laminar Flow Element (LFE). 


C. FUEL SYSTEM 

Two parallel systems provide a variety of either liquid or gaseous fuels. 
Liquid fuel was supplied by a nitrogen gas pressurized tank with a capacity of 
0.0l*9 m3 (13 gal) and a working pressure of 6095 kN/m^ (1000 psia). Fuel flow 
was controlled by a remotely operated metering valve and measured with a turbine- 
type flowmeter. Gaseous fuel was supplied from a manifold containing two type-lA 
shipping cylinders having the combined volume of 0.0076 m3 (3.00 ft3). The normail 
delivery pressure was 027** kN/m^ (1200 psia). Gas flow was controlled by a 
remotely operated pressure regulator and measured with a precision-bored sonic 
orifice. The fuel gas temperature was stabilized for flow measurement using a 
water bath preheater. 


D. FUEL VAPORIZER AND CONDENSER LOOP 

All fuels were either vaporized or preheated with a remotely regulated elec- 
trical heat exchanger before injection into the flowing air stream. A pneumatically 
operated three-way valve energized to the RUN position directed the heated fuel 
into the fuel injection manifold. With the valve in the CONDENSER position, the 
heated fuel was directed into a water bath heat exchanger where most of the 


3-1 







IJINI MOli 
unuijw iiv/nnj 



aiTie 







Tnble i-1. 


i^ymbols and Descrlpti.. na for How System Schematic Diagram 


oymboi 

Description 

DXI 

Manual globe valve 


Electric solenoid operated valve 


Electric motor operated valve 

& 

Electric motor operated ball valve 

t#Ki>g 

Air piston operated ball valve 


One-way flow check valve 

4 

Pressure relief salety valve 

e 

Dome pressure regulator valve 

3 

Manual set pressure regulator valve 

g 

Electric motor operated pressure 
regulator valve (dome loader) 

Q 

Pressure rupture disc assembly 

0 

Pressure gage 

0 

Voltmeter transducer 

0 

Ammeter transducer 

V 

Temperature transducer 

fP)^ ’ 

Pressure transducer 

Ff3^ 

Flume sensor transducer 

0 

Flowmeter transducer 
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Fi^Ture Full Fifune Test Chfimber TrintaileT 
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O.ib nim (0.006 in.) thick and banded int ) place, were used as rrun^:ibie diai‘hra^7!iS 
ti' close the i pen chariber eruir. . This served t w ; purposes; the dark environment 
enhanced motion jdcture phot> rafliy v t* the flame front, luid the v’losed chfimber 
eliminated dispersiv-n “f the fuel/air mixture that mi<:ht have been caused by local 
winds, ince the mixture in the ch?snber was i^'nitel, the heat and increased pres- 
sure from the burnin^T mixture blew out the diaphriu:ms. 

The Interior surface .>f the chamber was painted f .at black to aid photof^raphy 
A ^^lass vlewin^T p <rt near the upstream end the chamber was useii to take motlsUi 
pictures v>f flame propaf:at ion. Reference lif^lit ports in the wall oj'posite the 
camera were used to indicate «iistances alon^ the flame path. Instrumentat 1 ii in 
the teat chamber included four pressure sensors mtmnted, equispaced, cri the wail 
aloiif: the horizontal center lir.e. oeven iTame sensors were ori^Tinally mounted, 
equispaced, alon*:^ the horizontal center line opposite the pressure senso>rs. How- 
ever, early in the pro^^ram, the flame sensors were relocated to the tvp center 
line of the chamber fo.r a better viewiru^: position of the r 3 tratil*ied flame fr.*nt. 
Five thermocouples were used to measure temperatures within the chamber. 
Locations of the pressure, temperature, and flame sensors are shown in the 
schematic drawln^r Fif^ure 3 -T. 
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HYrHOGKN/AIR I'.PARK IGNITER 


Ignition of thr fu«»l/air mixture In the test ehamber was accompllahed with 
a hyUT' air apark Igniter. This Ipnlter resembled a small rocket engine, 
where Intersecting Jets of hydrogen gas and air were Ignited by a spark plug In 
the bar.e >f the Ci^mbustlon chamber. The resulting flame was directed vertically 
upward through a short nozzle frr a nominal duration of 200 ma. The I 'niter 
Hsaemblles were built Into the end of a 1.1-m- (3.5-ft.-) long section of 5.08-cm- 
(P-ln.-) diameter pipe mounted into fittings on the bottom of the teat chamber. 

The pidnt location of the Ignition flame was Just below the axial center’ Ine of 
the chamber. There were three possible locations for the Igniters: (1) upstrcun 

near the test arrester, (2) midchamber, and (3) downstream at the chamber exit. 
Only the upstream and downstream ig.ilter position were used during the test pro- 
gram. When the downstream igniter position was used, the frangible dlaphra^rm on 
the chamber exit was shielded from the flame by a sheet of alumltmm covering 
approximately of the total exit area. The aluminum shield delayed the rupture 
-f this diaphragm until the flame had traversed the length of the chamber to 
reach the test arrester on the Inlet end. This delay made it possible to obtain 
good quality motion pictures of the flame Impinging on the arrester before the 
chfunber was exp^'Sed to ambient light through the ruptured diaphragms. A phot >- 
graph of the downstream igniter and flame shield are shown in Figure 3-6. 


I. EXHAUST- BURN STACK 

An exhaust-burn stack was required for this test facility In compliance with 
air pi'llution regulations covering the controlled release of hydrocarbon vapors. 
This was accvimpllshed by installing a 1.2?-m (l*-ft.) length of 30.5-cm (l2-in.) 
diameter piping on a vertically directed pipe elbow at the exit end of the flame 
chamber. The pipe contained a ducted fan and damper valve to control the exhaust 
flow, which, in turn, maintained atmospheric pressure in the test chan.ber prior 
to Ignition. Spiral-wound, crimped metal ribbon arresters were attached to both 
ends of the exhaust stack assembly to prevent the propagation of flame into the 
piping. A gas sample rake was Installed Just downstream of the inlet flame 
arrester. The fuel/air mixture sample taken at this location was fed Into an 
on-line total hydrocarbim analyser. The sample line was closed by a solenv^id 
operated valve Just prior to ignition to protect the analyser. At the top of 
the vertical stack, a shielded natural gas fired burner disposed of all combust- 
ible exhaust pr.^ducts. A photograph of the exhaust-burn stack assembly and the 
frangible diaphragm at the exit of the flame chamber is shown in Figure 3-T . 


J. SUSTAINED BURNING TEST FACILITY 

The facility piping was modified after completion of the flame chamber test- 
ing to relocate the flame arrester test assembly out to an open area for the sus- 
tained burning tests. Two pipe elbows were inserted Just upstream of the witness 
section to lower and turn the piping 90 deg away from the supporting structure. 
Another pipe elbow was Inserted between the downstream end of the witness section 
and the arrester test assembly; this elbow directed the exhaust flow vertically 
v:p as shown in Figure 3-8. The gas sample rake for the hydrocarbon analyser was 
inserted between the flanges upstream of the test section. Ignition was 
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Figure 3-6. Dovmstream Location of the Hyilropen/Air Spark 
Igniter and Flame Shield 

accomplished by a spark electrode mounted m the dovmstream face of the test flame 
arrester. Thermocouples v/ere installed at various locations In the test assembly 
to measure the extent of thermal soak-back from the sustained flame at the surface 
of the arrester. A motion picture camera and a television camera v/ere set up to 
record and monitor the arrester conditions during testing. 
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8ECTI0M IV 


INnTRUMENTATIOM AMD CONTBOLS 


A. OEHERAL DEnCFIPTIOH 

All Instrumentation and controls at B-Stand facility were remotely operated 
and monitored. Test system parameters were measured at the test site usin^ elec- 
trical transducers with their signals conducted to the blockhouse for conditionln«);, 
recording, and display. Location and identification of all principal instrumen- 
tation parameters and controls are shown in Fi(;ures 3-1 and 3-2. Table U-1 is a 
listing of the nomenclature for all lnstrumentati(m and calculated parfimeters. 

Teat system parameters were divided into two groups: (l) steady-state (low- 

speed), and (2) transient-state (high-speed) data. Steady-state data includes 
all the measured and calculated parameters for the air system, fuel system, fuel 
vapt'riier and condenser loop, fuel/alr induction system, hydrocarbon analyser, 
atxl the pre- and posttest pressure loss measured across the test arrester. 
Transient-state data includes the measured and calculated flame speeds and peak 
pressures developed in the test flame chamber and facility piping, and the suc- 
cess or failure of the experimental flame arrester. 

Steady-state data was recorded and calculated on the JPL-developed Integrated 
Digital Acquisition and Controls System (TDAC) with back-up by the new Edwards 
Digital Acquisition and Control System (EDAC). Transient-state data was rec' rded 
on two high-frequency FM tape recorders and played back on an oscillograph at an 
expanded time scale. Flame speeds and peak pressures were manually scaled and 
calculated from the oscillograph traces. Flame speeds in the test chamber were 
also estimated from the high-speed motion picture films. 

All critical control functions were either manually positioned on the con- 
trols console or automatically operated by the preset sequence timer. These 
operations were selectively recorded using electrical contact closures on IDAC, 
EDAC, FM tape, or a second high-speed oscillograph. Two strategically placed 
television (TV) cameras, with video displays in the blockhouse, monitored the 
fuels system area and the test flame chamber. Two high-speed motion picture 
cameras also recorded events both inside and outside the test flame chamber during 
the actual test firings. Visual coverage and controlled access to the test area 
were maintained by a safety monitor in an observation tower located over the 
blockhouse. 

A detailed description of the instrumentation and controls system is given 
in Reference 2-10. Modifications and new additions that were made to the systems 
for this test program are described in the following peu*agraphs. 


B. STEADY-STATE DATA 

The EDAC system is a new digital instrument recently Installed at ETS. It 
was still in the process of functional checkout at the time of this program, so 
it was used as a backup steady-state data computing and recording system for the 
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r Krf<m»*t ert5 

Un 1 1 0 , 

:?.I. (Fngr.) 

Deacrlptlon 

PB(1 

kN/m^ (|»1?) 

Air riowmeter inlet preaaure 

Dl\ 

kU/m (psld) 

Air riowmeter different Inl preaaure 

TOl 

®C (®F) 

Air flvwmeter tempernture 

rr* 

KH/m*' (piilg) 

Fuel tank pressure 

TFT 

®C (^F) 

Fuel tana tempernture 

PDF 

kN/m!, (psig) 

Fuel tnnk dome louder pressure 

I FL 

kN/m* (psig) 

Fuel line pressure 

7FL 

®C (»F) 

Fuel line temperature 

FTIF 

Hz (fpe) 

Fuel flowmeter frequency 

PGF 

kN/ro? (paig) 

Gaseous fuel pressure 

DPG 

kN/m (paid) 

Gaseous fuel differential pressure 

TOF 

®C (®F) 

Oaaeous fuel temperature 

PVl 

kH/m' (paig) 

Fuel vaporizer outlet pressure 

TVl 

®C (®F) 

Fuel vaporizer outlet temperature 

TV.’ 

®C (®F) 

Fuel vaporizer core temperature 

TMF 

®C (®F) 

Fuel Injector inlet temperature 

I-Ml 

kN/m^ (palg) 

Fuel/alr mixer outlet pressure 

TMI 

®C (®F) 

Fuel/alr mixer outlet temperature 

TCF 

©c (Op) 

Fuel condenser Inlet temperature 

TCI 

©c (Op) 

F\iel condenser outlet temperature 

TWl 

®C (®F) 

Coolant water inlet temperature 

TW2 

®C (®F) 

Coolant water outlet temperature 

PI 

kN/m2 (pslg) 

Inlet tee pressure 

T1 

©C (Op) 

Inlet tee temperature 

PI 2 

kN/m2 (paig) 

Inlet section pressure 

P21 

kN/m‘^ (paig) 

Stabilizer section pressure 

P71 

kH/m^ (paig) 

Witness section inlet pressure 

P72 

kN/mj- (pslg) 

Witness section center pressure 

P73 

kJiVm*- (paig) 

Witness section exit pressure 

F12 

8 (sec) 

Inlet section flame sensor 

F21 

a ( sec ) 

Stabilizer section flame sensor 

F71 

a (aec) 

Witness section Inlet flame sensor 

m 

a (sec) 

Witness section center flame sensor 

rn 

a (see) 

Witness section exit flame sensor 

dp8i 

kN/m? (psM) 

Flame chamber differential pressure, Sta. 1 

DP83 

kN/m^ (paid) 

Flame chamber differential pressure, Sta. 3 

DP85 

kN/m^ (paid) 

Flame chamber differential pressure, Sta. 5 

DP87 

kN/m* (paid) 

Flame chamber differential pressure, Sta. 7 

F81 

a (aec) 

Flame chamber flame sensor, Sta. 1 

f8? 

a (sec) 

Flame chamber flame sensor, Sta. 2 

F83 

a (sec) 

Flame chamber flame sensor, Sta. 3 

f8U 

a (aec) 

Flame chamber flame sensor, Sta. U 

F8‘i 

a (sec) 

Flame chamber flame sensor, Sta. 5 

F86 

a (sec) 

Flame chamber flame sensor, Sta. 6 

F87 

a (sec) 

Flame chamber flame sensor, Sta. 7 
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Tnble U«l. Instrument At ion and CnlculAted Teat ParAmeter Nooivnclature 
(Continuation 1) 


Steady-State Units, 

Parameters 8.1. (Engr.) Description 


T7>* 

T01 

TIU 

TID 

TCR 

TCL 

TCM 

T91 

T92 

HCA 

PAl 

DPAl 

DPAH 

PAMB 

®C (»F) 

»C (®F) 

®C (®F) 

®C (®F) 

®C (®F) 

®C (®F) 

®C (®F) 

®C (®F) 

®C (''F) 

* 2 

kN/m^ (psig) 
kN/m^ (paid) 
kN/m^ (paid) 
kN/m^ (psla) 

Witness section exit temperatu'*e 
Test arrester inlet temperatuj*' 

Upstream igniter flame temperature 

Downstream igniter flame temperature 

Flame chamber roof temperature 

Flame chamber lover temperature 

Flame chamber metal temperature 

Exhaust stack inlet temperature 

Exhaust stack exit temperature 

Exhaust stack total hydrocarbon analysis 

Test arrester inlet pressure 

Test arrester differential pressure-pretest 

Test arrester differential pressure-posttest 

Test area ambient pressure 

Calculated 

Units, 


Parameters 

S.I. (Engr.) 

Description 

MA 

kg/h (Ib/h) 

Air mass flow 

MF 

kg/h (Ib/h) 

Liquid fuel mass flow 

A/F 

ratio 

Air mass flow to liquid fuel mass flow ratio 

MFO 

kg/h (Ib/h) 

Gaseous fuel mass flow 

A/FO 

ratio 

Air mass flow to gaseous fuel mass flow ratio 

♦ 

ratio 

Equivalence ratio 

VA 

m/s (ft/sec) 

Air flow velocity through 15.2-cm (6.0-in.-) 
diameter pipe 

FXX-FYY 

m/s (ft/sec) 

Average flame speed between two adjacent flame 
sensors 

SX-SY 

m/s (ft/sec) 

Average flame speed between two adjacent light 
ports or a light port and the test arrester 
obtained from the motion pictures 
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older II)AC jystem, which It will eventunlly replace. The heart of the EDAC 1« a 
Data Orieral Nova 3D computer. It hao a raaxim’im recording ratt up to ?0,000 
ohanne i 3 per second. At this time only 120 channels are assigned to the B-Stand 
facility. 

lurlng the calibration sequence, EDAC records the counts each calibration 
point f r the astilgned channel and then uses those counts, along with the 
Hppn prlnte reduction equation, to calculate the engineering units for each 
parameter. The computer also performs calculations such as averaging, poly- 
nomln;;-, and general form equations Involving two or more input channels. Other 
rec< rdl.tg capabilities Include totalizers, period counters, parallel data, and 
C'-ntact closure time tagged to the nearest millisecond. 

KDA'.’ outputs data on magnetic tape, line printers, and video monitors. The 
mu*^netlc tapes are used for record storage, from which posttest playbacks of input 
j)aramcter3 and calculations are made to the line printer. The line printer 
rec rds 10 parameters with channel Identification, engineering units, and time. 
Time editing is programmable for maximum output at points of Interest. The video 
monitors provide on-line real-time displays of up to 10 parauneters with channel 
Identification, engineering units, and contact closure status. These displays 
can be selected from 6 preprogrammed pages. High and low limits can be assigned 
to input parameters. The limit output signal is capable of operating control 
circuits r sounding alarms within 10 milliseconds of exceeding a limit. 

Simultaneous steady-state data from both the IDAC and EDAC systems were very 
comparable, although not exactly alike. This discrepancy is reportedly caused by 
a basic difference in the time base for computer calculation between the two sys- 
tems that cannot be resolved. The EDAC system when totally operational will 
replace IDAC as the primary data system for follow-on programs. 


0. TRANSIENT-STATE DATA 

Hew flame sensors that could withstand repeated exposure to ambient light 
and still remain sensl' ^ve to the light-blue color of hydrocarbon flame had to 
be assembled for the flashback flame chamber. The Du Mont Type 6291 photomulti- 
plier tubes used as flame sensors in the facility piping were not suitable 
because the phosph'-rescent coating on the detector can be deteriorated by bright 
sunlight . Photovoltaic type detectors, similar to those reported in Reference 2-3 
which 1- not have this sensitivity, were used instead. They are the EG and 0 
M' Jel HUV-IOOOB silicon photovoltaic detectors that have a spectral range from 
2000 ?\ to 11500 51 (200 to 1150 Nm) with a maximum response at 9000 X (900 Nm) and 
a responsivity of 12 « lO"^ volts/watt. Operational amplifiers were built to the 
specifications and circuitry suggested by EG and G. The detector and amplifier 
were assembled in a weather-tight aluminum box with a phototube viewing port 
containing a single front collimating slot. The distance from the collimating 
all >t t'"' the detector could be varied to optimize the viewing angle and detector 
signal strength. Although the rise-time response of the photovoltaic detector is 
somewhat slower than the photomultiplier tube, 1.5 microseconds compared to 50 
nanoseconds, it is more than adequate for detecting the expanding atmospheric 
flame front in the flame chamber. 
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.’eveii photovoltaic flame aenaor^ were Initially installed at 0.6. -m (2-ft) 
intervfilB along the horizontal centerline of the flame chamber. They were later 
rel icated to the chamber t .p centerline when motion pictures of flame propagation 
showed the flame illumination intensity varying unpredictably f r im toj to bottom 
in the chamber. It is believed this is caused by gravitational strati ficetion of 
the fuel 'air mixture after it leaves the facility piping. The flame .letector's 
'verho'id view, looking down into the propagating flame front, resulted in more 
reliable flame speed measurements. 

Flame chamber peak pressure rise wa.<i measured with four Statham Model PM 5 
TC lifferenttal pressure-type transducers mounted at 1.22-in (1^-ft) intervals 
along the horizontal centerline of the chamber. It was intended that these pres- 
sure sensors measure the pressure rise at the chamber wall during the passage of 
the flfune fr nt. In actual practice, they simultaneously sensed the rise in 
chamber pressure from the spherically expanding ball of flame up to the point of 
cnu.'uber diaphragm rupture. The resulting resonance from this pleasure spike in 
the chamber masked any evidence of flame passage past the individual pressure 
sensors. 

Three flame sensors and three pressure sensors mounted at 0.31-m (l-ft) 
intervals on opposite sides of the witness section piping were used to record 
flashback flame penetration through the test arresters. Two of these flame sen- 
sors were a photomultiplier tube typ 2 and one was a photovoltaic type. The pres- 
sure sensors were all quartz-crystal piezoelectric-type transducers flush-mounted 
t>; the inside wall. In addition, there was a similar combination of flame sensor 
and pressure sensor in both the inlet igniter section and stabilizer section of 
the facility piping to record flame propagation up to these locations. An inlet 
flame arrester stopped any further flame penetration beyond this point into the 
induction system piping. 

The signals from all flame sensors and pressure sensors located in the flame 
chamber and facility piping were recorded on two high-frequency FM tape recorders 
and the on-line oscillograph. A 100-Hz coded time pulse and the spa>"k igniter 
current were also recorded and used as reference points for test initiation and 
time correlation between the various recorders. A typical example of transient- 
state data f )r the flame chamber sensors recorded on the FM tape and playback on 
an oscillograph with an expanded time base is shown in Figure 1^-1. 

The EDAC system was used as the principal recorder for the thermal soak-back 
data measured by thermocouples installed on the flume arresters during sustained 
burning tests. Recorded at millisecond scan intervals, the data was time edited, 
played back, and printed at time Intervals ranging from 5 to 120 seconds, depend- 
ing on the length of test and the transient-state of the data. Video displays of 
this real-time flame arrester tetaperature data were monitored during the test to 
Identify flame penetration. Phis was later confirmed by data from the flame sen- 
3t)rs and pressure sensors in the witness section piping that was recorded on FM 
magnetic tape and played back on the oscillograph. 
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The ^fis-pajnple analysis system used fcr this program is deseribeii In detail , 

In Reference 2-10. Briefly, it is an on-line system that utilizes a Be.’kmiin M nlel 
1*00 Total Hydrccarbon Analyser Instrument combined with u Jri. designeil and fabri- 
cated air dilution and calibration system. The analyser automatical l.v and con- 
tinuously measures the concentration of hydrocarbon in a flowing gas c-cnple, I 

i.tlllzing the flame ionization method of detection. It was calibrated using pr - d 

pone (C 3 H 8 ) and air mixtures. To analyse other hydrocarbon fuel and air mlxUiren, jj 

the number of carbon atoms per molecule of fuel had to be in a ratio t > that of | 

propane. A flow system schematic drawing of the complete gas-sample unalyslc ] 

system is shown in Figure U- 2 . A listing of the fuels and their properties timt ! 

are used in this program is given in Tables 2-1 and 2-2. j 

The hydrocarbon gas analyser was located as close to the test flame chair.ber 
as practical to minimize response time. It was placed in a steel-walled protec- 
tive enclosure adjacent to the exhaust-burn stack. The gas sample rake was - 

installed in the inlet elbow of the exhaust-burn stack. A three-way solenoid ^ 

valve provided a gaseous nitrogen purge through the sample rake when n 't in use. 1 

Analyser response time after activation of the three-way sample valve was approx- 
imately "^0 seconds. Figure 3-T is a photograph of the protective enclosure 
housing the gas analyser located next to the exhaust-burn stack. 

E. PHOTOGRAPHIC DATA I 

Two motion picture cameras were used to record every test firing. One 
camera was positioned outside the flame chamber with a view of the entire test 
section assembly. Operating at 32 frames per second, this camera recorded the 
rupture of the flame chamber diaphragms and the extent of the emitted flame plume. 

The other camera was positioned adjacent to the flame chamber observation window 
with a view of the inside of the chaiaber, including the upstream igniter and the 
d( wnstreiun face of the test arrester. Figure U-3 is a photograph of this cam.era 
Installation. Operating at 100 frames per second, it was possible with this 
camera to record the propagating flame front inside the chamber. Four light 
ports, equally spaced on the opposite wall, provided reference points for deter- 
mining distance traveled. A schematic drawing of the flame-chamber catnera instal- 
lation is shown in Figure If-U. The distances traveled by an expanding spherical 
flame, when viewed by the camera, are indicated between each aajacent light p<rt, 
and f r im the light port in line with the igniter to the face of each of the four 
flame arrester test assemblies. By counting the number of motion picture frames 
renuired for the flame front to traverse these known path lengths, the lapse 
time was estimated and the average flame speed was calculated. The fl;une speeds 
obtained by this method will not necessarily agree with these calculated from 
the flame sensor data, because of the different sight locations ar.d viewing 
angles, but they are of the same order of magnitude. Figure U -5 is a selected 
series of six photographs taken from test motion picture film showing a toluene/ 
air flame propagation from ignition to sustention on the downstream face of the 
dual 20-mesh screens arrester. Figure L -6 is e similar series of photographs 
showing a toluene/air flame propagation from ignition to penetration ii»to the 
open ended facility piping, causing an eruption of flame from the pipe. 
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F. i’ARAI^IFTKH MKA; •UHI -'K:;:' ArJI ‘"Air ’ULATI'iN Ui^CERTAirivIKF 

The war. the {-riir.aiv rec *rMei* l‘or ateaAy-.'.tate data, with back-up 

by the KDAC difrital tsyL^terr.. Thene systems have cc;mj>uter capability that converts 
input data t > eru^neerlu/' ur.its, and r utj uts it . ri printers and video monitors. 
Tpecifil I!'‘A " ari l KPA<" s !'twai*e ^ r- /:rar.s wer^' written Ti/ air and fuel systems 
d.*itn t rfidculate alr-^iass t’l. w, fuel-mass tVL w, alr-t -fue..' rati , and equivalence 
ruti^ . T'' pret rriaxirnum acc.iracy fr »m the instroiDentati >n systems, an end-to-end 

calibrati'-n meth-'d is omplc-yei. A d tai!cl iescripli )ti d* the instrumentation 
systev..', calibration m*'*th- i.- , a.ad the ueteivr.inat i- -n u’ uncertainty Vov measured 
and cfilcuiated parameters is presented in Reference T-IO. 'Hie roi^- win^?; is a 
siiinm .ry of the TDAT r.teady-stat»j iata uncert alnties assured with a 95? (2o) 
prv bal’i 1 ity . 


(l) Uncertainty f^ r pressure measurement Is ±0.39? oV transducer full-scale 


ran^^e. 




(2) Uncer*^ 'linty r r di fl’erent 5 al {.'fesaurr meaa.^^•e^:ent is ±0.53/1 r;» trar. .- 
dUi'er t’ul "rale ran/’e. 

(3) Uncertainty for temperature measurement in percent of readinf.* is: 


(a) 10.0 to 3. .8®C (50 tr :,00“F) 


± .l.TS 
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(b) 37.8 to 93.3*C (100 to 200*F) • t l.ht 

(c) 93.7 to 1U8.9*C (200 to 300*F) - t 0.85J 

(d) lUa.9 to 20»*.»4*C (300 to U00*F) ■ t 0.65* 

(e) 20U.U to 276. 7*C (UOO to 530*F) • i O.U 9 * 

(f) 276.7 to 1260*C (530 to 2300*F) ■ t 0.»»3* 

(*♦) Uncertainty for air-velocty or air>masa>flow calculations Is tl.82* 
cf value. 

(5) Uncertainty for llquid-fuel-mass-flow calculation is tl.93* of value. 

(6) Uncertainty for gaseous-fuel«mass*flow calculation is ±2.88* of value. 

( 7 ) Uncertainty for calculated alr-to-liquid-fuel mixture ratio and 
equivalence ratio is ±2.65* of value. 

(8) Uncertainty for calculated air-to»gaseous-fuel mixture ratlt and 
equivalence ratio is ±3.^1*. 

Using the uncertainties listed above, the maximum uncertainty that can be 
expected for the measured and calculated steady-state test parameters associated 
with the average value at standard test conditions are listed in Table U-2. 

The transient-state data were recorded on an Ampex Model FR 2200 and an 
Ampex Model FR 3020 high-frequency FM tape recorders. Photovoltaic detector flame 
sensors were the primary instruments used to determine flame speeds. Strain- 
gauge-type differential pressure transducers were the primary Instruments used 
to measure peak pressure rise in the flame chamber. Flame sensor and pressure 
sensor test data, along with pre- and posttest calibrations recorded on the FM 
tapes, were played back on an oscillograph at an expanded time base. The follow- 
ing is an analysis of the uncertainties associated with transient-state data 
assured with a 95* (2o) probability. 

( 1 ) The uncertainty of flame chamber peak-pressure rise measurement is 
± 5 . 85 * of transducer range. 

(2) The uncertainty of calculated flame sensor flame speed measurement is 
± 5 . 1 * 5 * of value. 

(3) The uncertainty of calculated photographic flame speed measurement is 
±10.07* of value. 

The meocimum uncertainty that can be expected for measured and calculated 
parameters associated with the averaged values of flashback flame speed and peak 
pressure rise in the test flame chamber at standard test conditions are listed 
in Table 4-2. 
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Table U-2. Maximum Uncertainty for Measuretl and Calculated 
rarametere at the Staitdard Test Condition 


Parameter 

S>mbol 

Uncertainty 

Stendy-Stnte Dat a 

Air flowmeter inlet pressure 

PBO 

iO.27 kN/m^ (10.039 pslg) 

Air flowmeter differential pressure 

DPO 

10.0083 kN/m^ (10.0012 ps) 

Air flowmeter exit temperature 

TOl 

11.3®C (12.8®F) 

Liquid fuel lint pressure 

PFL 

11I4.O kN/m^ (12.0 psig) 

Liquid fuel line temperature 

TFL 

10.9®C (12.Y®F) 

Liquid fuel flowmeter frequency 

FMF 

10.8 Hz 

Gaseous fuel line pressure 

POF 

117.2 kN/m^ (12.50 pslg) 

Gaaeous fuel line temperature 

TOF 

10.9®C (12.7®F) 

Teat arrester inlet pressure 

PAl 

10.269 kN/m^ (10.039 psig) 

Test arrester differential pressure 

DPA 

l8.3 N/m^ (10.0012 psld) 

Test area ambient pressure 

PAMB 

t0.ri8 kN/m^ (10.078 psia) 

Air-maas flow 

MA 

11.90 kg/h (il*.19 Ib/h) 

Air velocity 

VA 

to. 083 m/s ( 10.27 ft/s) 

Li quid- fuel-mass flow 

MF 

10.158 kg/h (10.35 Ib/h) 

Air to liquid-fuel-mass ratio 

A/F 

10.35 

Gaseous-t'uel-mass flow 

MFG 

I0.2l»0 kg/h (10.529 Ib/h) 

Air to gaseous-fuel-mass ratio 

A/FG 

10. UU 

Equivalence ratio 

1 > 

10. OU 

Transient-State Data 

Flame chamber peak pressure rise 

DPXX 

1121 N/m^ (10.0176 psid) 

Flame sensor flame speed 

FXX-FYY 

10.19 m/s (10.63 ft/s) 

Photographic flame speed 

SX-SY 

10.35 m/s (11.16 ft/s) 
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SECTION V 


TEST OPERATING PROCEDURES 


A. CraERAL SAFETY REQUIREMENTS 

All test operating procedures involving fuel transfer, or perfon-icd with the 
fuel uysteiJi pressurized, required the safety tower operator tu be 1, position, 
monitor all consnunicatlon on a headset, and control access to the test area with 
the safety status lights. Ute test stand was normally In a GREEN condition, 
which permitted open access to all personnel. Fuel transfers and test preparii- 
tlons were performed in an hMBER condition, which restricted nonoperating person- 
nel to the workshop area, unless permission was granted to enter other areas. A 
RED condition, which isolated the test stand and the surrounding designated area 
from all personnel, was used during actual test. 

A minimum of two men was required at the site during fuel transfers and 
test preparations. Personnel safety equipment Included hard hats, face shields, 
gloves, fire retardant coveralls, and for some fuels, breathing air systems. 
Additional safety equipment was available Including safety showers, eye washes, 
and the Firex water deluge system. All operations, except the replacement of the 
flame chamber diaphragms and the changing of the test flame arrester, were per- 
formed using formal procedures In the form of check lists, with individual pages 
dated and timed, and with each step Initialed by two persons witnessing the event. 

An Ignition-completion key switch, which prevented the actuation of the 
hydrogen/air spark Igniter except during checkouts and test operations, was 
located at the test stand. 


B. OPERATING PROCEDURE CHECK LISTS 

The following Is a description of the operating procedures and check lists 
used In the flashback flame tests. 

1. Pretest System Checkouts 

a. irelimlnary Check . This check confirmed proper installation of the test 
Item, instrumentation and control cable connections, readiness of the nitrogen 
pressurant and purge system, selection of the proper fuel supply mode, requested 
photographic coverage, and that the safety system was operational. 

b. Electromechanical Checkouts . These checks examined, at the test stand, 
the overall control system readiness by individual confirmation of proper opera- 
tion of each control in the blockhouse. 

c. Sequence Timer/Emergency Circuit Checkout . This checkout operated the 
preset automatic sequence timer, without actual fuel flow, while recording control- 
element actuations on the facility oscillograph. Sequence times of the various 
elements were measured and adjusted where necessary. The sequence was then 
repeated, adding a shutdown with the emergency switch to confirm proper emergency 
switch actuations. 
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<J. I<»ak Ch»cK . These checks provided e gaseous nitrogen system l«>ak check 
at maximum operating pressure for the fuel system, fuel vaporizer and condenser 
loop, fuel Induction system, and the air compressor system. 

NOTK: The four checklist procedures described above were not performed 

before each test, but were done when special circumstances, such as c> mponent 
I’han^es, malfunctions, or severe weather, were encountered. 
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2 . Fuel Transfer Procedures 

a. Propellant (fuel) Fill Check Lists . These procedures were provided for 
transferring liquid fuels from their storage containers Into the test stand fuel 
supply tank. Propane and butane were transferred via their own vapor pressure. 

The other liquid fuels were transferred from drums by means of an alr-motor- 
di'lven pump. It was common to expect up to five separate tests In a day, each 

■>f which required approximately U.b « 10”^ m^ (1 gal) of fuel. Therefore, the 
fuel supply tank was topped off for each test day. ITie gaseous fuel system was 
loaded by simply connecting new pressurized gas cylinders to the supply manifold. 

b. Propellant (fuel) Offload . These transfers from the fuel supply tank 
were normally returned to the appropriate storage container. Small quantities 

of propane or butane could also be disposed of through the burn stack. Generally, 
fuels from the vaporizer/condenser loop remaining In the collector tank were not 
suitable for recycling and were disposed of as waste. It was necessary to empty 
the collector tank after every two days of testing. 


3. Test Preparations 

The lest Preparations Check Lists for Instriimentatlon and test systems were 
completed concurrently on the day of testing. In the blockhouse, all patchboard 
connections were completed and instrumentation was setup. An end-to-end Instru- 
mentation system calibration was performed. At the test stand, various safety 
check and facility setups were made: condenser cooling water was turned on, the 
liydrocarbon analyzer was put in operation, and the hydrogen and air gas pressures 
were adjusted for the igniter. At the control console, the air compressor was 
started and the air flow adjusted by means of the air metering valve and the air 
bypass valve. After the air system temperature and flow were stabilized at the 
desired values, the test flame arrester pretest pressure loss was measured and 
recorded. 

The fuel vaporizer heater was activated, and nitrogen purge gas flowed 
through the heater coils and Into the condenser for the preheat cycle. The test 
stand safety condition was changed from GREEN to AMBER. The fuel supply tank was 
pressurized with nitrogen up to the desired operating pressure. The vaporizer 
heater nitrogen purge gas was turned off and fuel flow was metered at a low level. 
The fuel flow was increased up to the desired test condition as the vaporizer 
heater reached the operating temperature. 

Final visual checks were made of the test stand area, and the Ignition com- 
pletion key switch was turned on. All operating personnel evacuated the test 
stand area and Its safety condition was changed to RED. 
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Blockhouse Preparmtion 

Blockhouse preparation beii;an with a weather station confirmation of wlnl 
velocity and direction and the local barometric pressure. Control console 
circuits for ignition and emergency shutdown functions were armed and each sl«*- 
nificant panel switch and its position confirmed. With all test personnel at 
their operating positions, the test conditions were reviewed and confirmed. A 
pretest instrumentation calibration was recorded and the countdown pri'Cedure wus 
begun. 


5. Coiintdown 

A typical "countdown” procedure follows: 

(1) An annuunceirent was made over the public address system to alert person- 
nel in the general area that a detonation may occur. Generally, the 
detonation noise was very intense and sharp, capable of creating an 
indirect hazard. A hom signal was also sounded. 

(2) The IDAC tape, EOAC tape, printer, and oscillograph were turned ON to a 
SLOW SPEED. 

(3) The iyrdrocarbon analyzer purge was turned OFF, all<jwlng the analyzer to 
sample the fuel/air mixture flowing through the exhaust-burn stack. 

(*♦) The fuel mixer valve was changed to the RUN position, allowing fuel to 
flow to the test piping for the first time in the test sequence. The 
burn-stock-purge valve was opened to sweep out combustible gases from 
the collector tank vent line. The oscillograph was turned OFF. 

(5) As the fuel/air mixture traveled through the facility piping and into 
the flame chamber, the hydrocarbon analyzer responded with a steadily 
Increasing signal. The countdown timer was then stopped for a HOLD 
period, while fuel flow and air flow were confirmed or adjusted, if 
necessary. During flame chamber testing, the time required for the 
mixture ratio of chamber exhaust gas to reach the desired level ranged 
f’"ora 2 to 27 minutes due to differences in chamber temperature, fuel 
density, and flow-through characteristics in the test chamber. 

(6) When the COUNTDOWN was resumed, the IDAC tape, EDAC tape, and printer 
were switched to CONTINUOUS MODE and the oscillograph and movie camera 
were turned Oil. The vaporizer heater was turned OFF (flame chamber 
tests only) tc prevent electrical switching noise on the data traces 
during the ter,t. The high-frequency FM tape recorder was turned ON. 

(7) The hydrocarbon a. lyzer purge was turned ON, again isolating it from 
the test system to protect it from possible pressure pulse damage. 

(8) Valves were actuated to the CLOSED position to Isolate the low-pressure 
transducer from possible pressure pulse damage. 
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(9) The l^:niter was ARMED by a console switch and the oscillograph was 
switched to HIGH SPEED. 

(10) The sequence timer was turned ON. This caused the igniter to fire for 
300 mo. Ter flame chamber tests, the hydr<'>gen and air valves for the 
igniter were opened and the transformer energizing the spark plug waa 
powered simultaneously. Actual duration of the flame waa 150 to 200 ms. 
For sustained burning tests, only the transformer energizing the spark 
electrode igniter waa powered for 300 ms. 

(11) At the end of the desired test time, the test was terminated by oper- 
ating the I'MERGENCY CUTOFF switch. For flame chamber tests, this 
occurred five seconds after Ignition. For sustained burning tests, 
this occurred thirty minutes after ignition or when flame penetration 
occurred. The EMERGENCY CUTOFF switch triggered the following events: 
fuel mixer valve was switched from RUN to CONDENSE position, vaporizer 
purge was turned ON, vaporizer heater was turned OFF (sustained burning 
tests only), fuel tank outlet valve (liquid) was CLOSED, and fuel 
cylinder outlet valve (gaseous) was CLOSED. 

(12) The igniter waa UNARMED, the oscillograph changed to LOW SPEED, and the 
high-frequency tape turned OFF. 

(13) The fuel metering valve was CLOSED and the movie camera was turned OFF. 

(lU) Fuel supply tank pressure transducers were vented and a posttest cali- 
brate was performed on the instrumentation. 

(15) Fuel supply tank pressure transducers and the test arrester pressure 
transducers were reopened to the test system and all instrumentation 
was turned OFf’. 

(16) Compressor air flow was maintained to purge residual fuel and combustion 
by-products from the test piping. 


6. Posttest 

The posttest procedure included a visual inspection of the test stand. The 
test stiuid safety condition was changed to AMBER. Reentering personnel inspected 
all rupture disc assemblies, and replaced discs as required. The posttest flame 
arrester pressure loss was measured and recorded. Chamber diaphragms were 
replaced for repeats of flame chamber tests. 

If a repeat test waa to be made, the hydrocarbon analyzer was checked out. 
The Test Preparation Procedure would then be restarted from the point of turning 
on the air compressor. 

Following the last test of the day, posttest end-tj-end calibration of the 
instrumentation system was made. Fuel in the induction system was pushed back 
into the supply tank and the system thorou/^hly purged with nitrogen gas. 
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Immediately after each test, the data recorded on the FM tape recorder was 
played back onto a quick- look oscillograph at an expanded time scale of 8 to 1. 
This data told the test conductor that he did or did not get Ignition, that the 
flame arrester quenched the flame, or that the flame penetrated through. If the 
flame arrester was penetrated and the flame speed was high, a playback record was 
made of the FM tape data at an expanded time scale of 32 to 1 for greater reso- 
lution. These records were then analyzed to determine flame speeds and peak 
pressure rise data. 
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r.KCTION VI 


FACILITY CHECKOUT TF:STS 


A. SUbSCALE FlJU4i!, CHAMBER TESTS 

A series of tests were made to check out facility systems installed speclflv*a'- 
iy for the flashback flame tests. The initial tests were mad« in a subscale flame 
chamber wnile the full-scale chamber was being fabricated. These tests were c'n- 
ducted to evaluate the new hydrogen/air spark igniter system, the operating* pr •- 
cedurea required to fill an enlarged chamber with a combustible fuel/air mixtur*- 
that could be verified with measurements on the total hydrocarbon analyser, t h«‘ 
effectiveness of the frangible plastic chamber diaphragms, and, finally, the 
extent and nature of the problems associated with the flame plume emitted fr m 
both ends of the test chamber following the diaphragm rupture. 

The subscale chamber shown in Figure 6-1 was made from an existing piece 
oi* steel pipe 0.91 m (3 ft.) in diameter and 2.13 m (7 ft.) long. It was m< unted 
Oil supp »rt8 at the exit end of the facility piping. A commercial Pres-Vac screen- 
fianiC arrester housing was Installed downstream of the witness section for those 
check-out tests. Frangible diaphragms made from 6-mil-thick black polyethylene 
plastic sheeting covered both ends of the chamber. A nominal li>.2-cm- (6-in.-) 
diameter hole in the upstream diaphragm provided entrance for the fuel /air mixture, 
and a nominal 7*6-cm- (3-in.-) diameter hole In the downstream diaphragm provided 
the exhaust exit. The gas sampling probe for the hydrocarbon analyser was 
positit.ned at the center of the downstream hole. The hydrogen/air spark Igniter 
was mounted on a length of pipe in the center of the chamber, such that the pjint 
of Ignition was at the axial center line. A high-speed motion picture camera 
viewed the intericr through a window port in the bottom of the flame chamber. 

Seven test firings were made in the subscale flame chamber using gasoline/ 
air mixtures at an injection equivalence ratio ranging from 1.1 to 1.3 (A/F « l3.i-^9 
to 11.2^). The injection velocity was 1.52 m/s (5 ft/s) through the 15*2-cm- 
(6-in.-) diameter piping. Three tests were made with a dual 20-mesh screen 
arrester Installed in the Pres-Vac housing, and four were made with the arrester 
screens removed. Energetic flames were recorded in the chamber when ignition was 
made after the hydrocarbon analyser measured an equivalence ratio of 0.7 (A/F = 

20. dd) or higher in the exhaust flow. The flames entered the piping on every test 
where the screen arrester was removed. On the first two tests with the screen 
arrester installed, the flames were quenched. However, on the last test the flame 
did penetrate the dual 20-mesh screen arrester and enter the facility piping. 

The motion picture data from this test showed that the hydrogen/air spark igniter 
was still burning at the time the propagating flame entered the arrester housing. 

This would have resulted in excessive flame speed that caused the arrester failure. 
Posttest inspection revealed nn damage to the screen arrester. 

Both chamber diaphragms ruptured and burned on all tests. The peak chamber 
pressure rise recorded ranged from 2.07 to 2.76 kN/m^ (0.3 t<' O.U psid). The visible 
flame plume emitted from both ends of the chamber extendt'd for a distance of about 
1 m ( 3.3 ft.). All instrumentation and cabling within this area required flame 
protective covering. The audible noise associated with diaphragm rupture was minimal. 
Flashback flame in the facility piping did not produce detonations. 
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'Ubscale Fxoir.e I’oi^t !har.ber Installation on B-Stand 


P. FULL-:;CALK FIj\MK CHAIIBKR TFl'Tf 


7he t’ail-soale flaine chanber is liescribed in Subsect ivjn II I-G and shown in 
Fi^'ure 3-5* Test fuel was charu:ed erasv line t^ comnercial-t:;rade propane for 

these check-^ut tests. The Injection equivalence ratio fca* propane/air mixture 
was 1.1 vA/F = la. 2b) at a flv W vel >city -V 1.^2 m/s (5 ft/s). A total of twenty- 
;ne fiashbaci: flame test firin^rs were made with eleven different test configurations 
^see Appendix A, Test Confi^^urati oii Log). The first thirteen test firings were nade 
with the I’res-Vac dual 20-mesh screen arrester installed. Ignition and combustion 
were obtained with p'ropane/air mixtures wiien the hydr-^carbon analyser indicated 
an equivalence ratio of 0.8 (A/F = 19.60) or higher. With the igniter in the 
-iownsti'eom p...siti==n, the pr pagating flame was quenched at the test arrester. 

The flame sensors located adjacent to the igniter position recorded the initial 
fionie front, but their signals were driven off-scale by ambient light entering the 
chamber through the ruptured diaphragms. The flame speeds could not be calculated 
because of the lost signals. 





The If'niter wna relocuteJ to the center ot‘ the chamber and the teat firinr** 
were repeated. With thla cotififjuratlon, the flame aenaora recorded flajne pr> pu- 
pation In both the upatream am' Jownatreum direotiona before the chamber diaj'hrui-'ma 
were blown out. Calculate! flame sjpeeda ranped from 1.5 to i*.t> m/a (5 to 15 ft/a; 
and the flame did nut penetrate the acreen arreater. All uh^.ber preaaure aenaora 
aimuitaneoualy recorded a peak preaaure riae around 1000 N/m^ (O.IU 5 paid) Juat 
before the diaphra^yna ruptured. 

The ipniter wua relocated to the upatream poait. .n, which placea the point 
source of Ipnition only {6.2 cm (JO in.) from th*^ dwnatream face of the acreen. 
one teat firing waa made with thla configuration where the flame penetrated through 
the screen urreatei and into the facility piping. Poatteat inspection did not 
reveal any damage to the screens. Motion pictures taken of this tesc showed the 
ignitl' n sequence and the rapidly expanding spherical flame fr.nt. It was estimated 
that the flame speed whs in excess of 15.2 m /3 (50 ft /a). This unusunlly high iltune 
speed was most likely caused by the localized influence of the hydrogen/air spark 
ipniter that was programmed for 2.0 seconds duration. The igniter durati- n was 
repropivunm^d to i.>niy 0.2 seconds (200 ms) on all subsequent tests; thla eliminated 
the high initiation flame speed. 

When the igniter was relocated to the downstream position, a 1.52-m- (5- ft.-) 
diameter aluminum plate was Installed to cover the central area of the plastic 
diaphragm on the flame chamber exit. This flame shield covered about U0% of the 
total exposed urea and delayed the rupture of the diaphragm for a sufficient length 
of time to allow the flame to traverse the length of the chamber. M tion pictures 
taken of test firings after this ..iodificution showed that the flame propagation 
path was predominantly in the lower half of the clieunber. It is believed that 
this is caused by gravitational stratification of the fuei'air mixture as it 
enters the chamber. The 1.52-m/s (5-ft/s) injection velocity is not sufficient 
to produce turbulent mixing within the large chamber volume. It is, however, 
representative of the worst-case condition of c. fuel storage tank venting vapors 
on a calm day. The results would be a flammable concentration of fuel vapors 
collecting in the tank area, causing a v»ry hazardotis condition. In the test 
chamber, the stratified flame produced very inconsistent leadings on the flame 
sensors mounted along the horizontal center line. To correct this situation, 
the flame sensors were relocated along the top center line, where the field d' 
view looking down into the chamber included the low level flames. The resulting 
flame speed measurements were much more consistent. 

The flame screen assembly, which is mounted in the center of the Pres-V»»c 
housing, was .?0. J cm (8 in.) upstrean. of the exit flange. In this position, the 
screen surface was not visible to the motion picture camera and the flashback 
flame impingement on the surface of the screen could not be photographed. For 
the last series of checkout tests, the Pres-Vac housing was replaced with a short 
15 . 2 -cm- ( 6 -in.-) diameter flanged pipe spool section to provide the adaptor 
mounting for the screen flame arresters. The screens were installed between two 
flanges at the pipe spool exit, where they would be in full view of the motion 
picture camera. Figure 6-2 is a photograph of a single 30-raesh screen arrester 
mounted in the pipe spool adapter. Two test firings were made with this test 
assembly using propane and air mixture at an equivalence ratio of 1.1 and a flow 
velocity of 1.52 m/s (5 ft/s). Both the upstream and downstream igniter positions 
were used. Flame speeds from U .5 to 7.62 m/s (15 to 25 ft/s) were recorded and 
the flame did not penetrate the single 30 -mesh screen arrester on either test. 
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^ Fif^ure 6-.\ Jingle 30-Mesh Screen Arrester Mounted in Pipe 

Spool Ailapter 


The moti on pictures showed the pr.-pagating flame impinging on the surface of the 
S('reen where it continued to burn for time periods up to 25 seconds without 
causing any damage, ^ ther than discoloration, to the screen. 

The final series .*f tests for the facility checkout were made without any 
arrester installed in the pipe spool adaptor (Test Configuration No. 112). Four 
firings were made with the propane/air mixture at an equivalence ratio of 1.1 and 
i a flow velocity of 1.52 m/s (5 ft/s). Both upstream and downstream igniter 

( positions were used. The flame penetrated into the facility piping on each firing 
and propagated up to the inlet crimped ribbon a^^rester, but not beyond. No 
1 detonations were developed in the piping. On some tests, the back-pressure 

^ pulse was stT'ong enough to rupture one or more of the low-pressure burst discs in 

I the induction system piping. However, posttes^ inspections revealed no damage. 

} 

• 

; At the completion of this last stries of ch'^ckout tests, the flashback flame 

{ chamber test facility .;as determined to be operational. The test program was 
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started to evaluate the four selected types of flame arresters with one more | 

of the eight preselected fuels. To reduce the number of possible tests, a standard 
test conuition was established that would use an injection equivalence ratio (1.0 
to 1.2) producing the theoretical maximum flame speed for the particular fuel/air 
mixture in use and an inlet piping flow velocity of 1.52 m/s (5 ft/s). Ignition 
would be initiated at an equivalence ratio (0.7 to 0.9) well above the lower 
flammability limit as measured by the total hydrocarbon analyser sampling the 
mixture flowing in the exhaust-burn stack. 
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DESCHIPTION OF FLAME ARFESTER TEST ASSEMBLIES 


A. GENERAL 

The tl.S. Coast Guard has approved the use of both a single 30-mesh ocreeri and 
the dual 20-mesh screen configuration for screen flame arresters on U.S. fla^' 
vessels. Their purpose is the prevention of flame passage from tne open deck 
into cargo tanks through vent outlets, ullage ports, hatches, or butterworth 
plates. The wire cloth material used for these screens must be resistant to the 
marine environment, i.e., resistant to chemical corrosion and .'ait water rusting. 
In addition, the wire material must be resistant to high-temperature oxidatii’n 
in the event an accidental flame impinges on the screen surface for a prolonged 
period of time. 

These requirements served as guidelines for the selection of flame screen 
arresters to be experimentally evaluated as part of the U.S. Coast Gunrd funded 
portion of this program. The NASA funded portion was directed at evaluating two 
generlcally different types of flame arresters, namely the spl ral-wound, crimped 
metal ribbon, and the packed bed of Ballast rings. These two types of flame 
arresters have been shown to be very effective in quenching gasollne/alr mixture 
detonations in a piping system, as reported in Reference 2-10. The propagating 
flame speeds for detonations were in excess of 1000 m/s (5906 ft/s). It remained 
to be demonstrated that these arresters are also effective against flames with 
speeds in the range of 1.5 to 9.1 m/s (5 to 30 ft/s), and that they remain effec- 
tive under sustained burning test conditions for periods up to 30 minutes. 


B. SINGLE 30-MESH SCREEN ARRESTER V 

The single 30-mesh scre''n arrester was made from standard-grade stainless-steel 
type 316 wire cloth having the following di.nensions: 

Mesh size: 30 « 30 per lineal inch 

Wire diameter: 0.033 cm (0.013 in.) 

Hydraulic radius: 0.05J6 cm (0.0203 in.) i 

Open area: 3’^.lJ ^ 

The type 316 stainless-steel wire is highly resistant to cheiaicai corrosion and I 

rusting. It will also resist tnermai oxidation at temperatures up to T60*(.: ii 

(lU00*F). Nichrome wire has a higher thermal oxidation resistance, up to 97?"C T 

(1700*F), but is less readily available in wire cloth weaves. S 

The single screen, with a Vellumoid gasket on either side, v/as installed f! 

between the exit flange of the 15.2-cm- (6-in.-) diamei^er pipe spool adapter and / 

a bolted-up, slip-rn flange used for clamping, as shown in Figure 6-2. The fuel/ |= 

air mixture flow velocity in the facility piping varies inversely with the c-oss- T 

sectional flow area, therefore the standard 1.52-m/s (5-ft/s) flow velocity in- f 

creases to U.l m/s (13.5 ft/s) in pas8i.»g through the 30-mesh screen attached at fj 

the end of the pipe. |j 
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'm< 78 h 8or<f®n arrester was made from scandard grade rtalnless-steel 
ith having the f jliowlng diroensions: 


20 » 20 per lineal Inch 
0.0^1 cm (0.0l6 In.) 
0.066 cm (0.03^ In. ) 
1 * 6 . 2 ? 


Merh size* 

Wli*e lla.metei : 
Hydraulic ratios 
Open area: 


F‘iP.AL-WOUND, CRIMPKD METAl RIBBON ARRESTER 


Diameter : 

Length (L): 
Ribbon th. .'kness 
Crimp height: 
Crimp width: 


Exploded View of Components for a Dual 20-Mesh Screen Arrester 
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Figure T-- • Dual 20-Mesh [Screen Arrester Test Installation 


Hydraulic diameter (D^): 

Length to diameter ratio (L/D^); 
Open area: 


0.03Y6 cm (0.5^* in.) 

1L8 

61. b% 


The crimped ribbun core element was pressed into a housing made from a short 
length of extra-strong iO.f— cm- (12- In.-) diameter steel pipe and held in place by 
mounting rings with retainer grids attached tv each end, as sh.wn in Figure 7-3. 

A flanged concentric pipe reducer, iO.r—cm to 15.C-cro (12-in. to 6-in.) diameter 
was used as on adaptor mounting to install the crimped ribbon arrester assembly 
on the exit of the facility piping, as shown in Figure 1~U. The fuel/air mixture 
flow velocity at the standard teat conditi n thr«>uf:h this arrester was 0.5 m/s 
(1.6 ft/s). 
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E. PACKED BED OK BALLAST RINGS ARRESTER 

Tlie configuration for th« packed bed of Ballast rings arrester was also 
developed during the parametric phase of testing reported in Reference 2«10. It 
has the following optisUzed dimensions: 

It 

li Bed diameter: 

L Bed length: 

I Bed volume : 

r Packing material: 

V Ring size: 

Open area: 

The rings were randoiidy packed ir. 23>^*cm> (10«in.-) diameter flanged pipe 
housing and held in place with an expanded metal grid, as shown in Figure A 

flanged concentric pipe reducer, 25«^«*cm to 15>2-cm (10«in. to 6-in.) diameter, 
adapted the inlet end of the arrester housing for Installation on the exit of the 
facility piping as shown in figure 7*6. The estimated fuel/air mixture flow 
velocity through this arrester at the standard test condition was around 0.9 m/s 
(3.0 ft/s). 
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2$sU cm (10 in. ) 

cm (18 in.) 
i6o^ cc (lUl9 cu. in.) 
aluminum Ballast rings 
2.5^ cm (1.0 in.) in diameter » 
2.5^ cm (1.0 in.) long 
60% (estimated) 
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SECTlOtl VIII 


PUSHBACK FLAJjK ARRESTEH TESTS 


A. TEST PRCXJRAM UXIIC 

Th*! test prugrajr. for screen flame arresters followed the lo^lo ila^tran. 
presented In PlKure 8-1. After the select i>.n of the flame arrester teat conflr- 
urntlona, the first screening? test series was performed in the flashback flame 
chamber to evaluate b'>th the single 30-mesh and the dual 20-mesh screen arresters 
with a prupane/air mixture. Propane was selected as the first test fuel because 
It had 'ne of the lowest probable flame speeds of the representative bulk carro 
fuels. The upstream itrniter position was used first; it was tht u»?:ht to pr )duoe 
the lean severe flame speed condition because of the shorter run-up distancen t'.r 
flame propafiation. This was followed by teats using the downstream igniter i rl- 
tlon, assuming that it was m-'re severe. A minimum of three test firings were 
made f r each test configuration to determine the success or failure of the 
arrester. If a screen flame arrester failed to quench the flashback flame <n any 
of these initial tests, it was to be deleted from the pr<-igram. 

The second screening test series was performed to evaluate the successful 
flame arreater configuration(s) from the first series, using an ethylene/air 
mixture because it had the highest probable flame speed of the representative 
bulk cargo fuels. Both the upstream and downstream igniter positions were used. 
Upon completion of the ethylene/alr mixture tests, -ne or both of the screen 
flame arresters was to be selected for additional testing with the six alternate 
types of fuel/alr mixtures. The selection of arrester configurations was made by 
the U.S. Coast Guard,’ .based upon the test results and the recommendations provided 
by .TPL. 

Additional evaluation test series were made in the flame chaiaber with the 
selected arrester configurnticns using the following representative bulk cargo 
fuels: (l) acetaldehyde, (2) butane, (3) ethyl ether, (h) gasoline, (5) methyl 

alcohol, ami (6) toluene. The Igniter po^sition was selected to produce the most 
severe flashback flame propagation condition as determined from the measured 
flame speed advancing toward the face of the test arrester in the first two 
screening test series. 

A final evaluation test series was made using the successful arrester con- 
figurations from the pi*evlous testing to evaluate their heat-up and quenching 
capabilities in the sustained flame facility. The flair.e from a propane/air mix- 
ture at the standard test condition was stablized on the downstream face of the 
arrester for a period of 30 minutes. These tests were used to detei'mlne if 
the arrester can continue to function after reaching an elevated steady-state, 
soak-back temperature without structural damage. A single test for the full 
duration of 30 minutes, without a flame penetration, was sufficient to demonstrate 
the successful performance of any arrester configuration. If a flame did penetrate 
the test arrester, the test would be repeated to verify the failure. 

The two NASA- funded flame arrester configurations, the spi ral -wound , crimped 
metal ribbon and the packed bed of aluminum Ballast rings, were inserted into the 
program following the second screening test series. They were evaluated in the 
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Figure 8-1. Screen-Type Flashback Flame Arrester Test 
Program logic Diagram 









flaohbttok t'iar.e chamber with three fuels: (1) propane, (.?) ethylene, niul 

( i) ^ii3 )llne. The iKniter position was selected for the most severe teat o n- 
ilti'.n. They were also evaluated In the sttstuined burninr, fHolllty ur.lnff both 
pr .pitne/nlr mixture and ethylene 'air mixture at the standard test eonuiti> n. 


b. rROl’ANK/AIB MIXTURE SCRKENINU TESTS 

The first series of screening teats were made with propane air mixture at 
the standard test condition where the in,1ecti>>n equivalence ratio was l.ll< 

(A/K ■ 13.75)- Fill time required to obtain a good combustible mixture in the 
riajne chamber was 600 seconds. The nominal equivalence ratio at ignlt ion was 
0.87 (A/F ■ 18 . 02 ) as measured by the total hydrocarbon analyser sampling the 
fuel /air mixture in the exhaust-burn stack. Tests were made with tl»e dual .’0- 
mesh screen arrester and the single 30-mesh screen arrester using both the up- 
streoiTi and d> wnstream igniter positions (Test Configuration Noe. 113 to lib). 
Successful ignition and t?ombustion was achieved on all test firings. The flash- 
back flames did not penetrate either of these screen-type arresters on any teat. 

The upstream igniter position produced an avera*^re flame speed between the 
point source cf ignition and the arrester (F81-F82, Table U-l) that measured 
I 4.8 m/.a ( 15.7 ft/s). The flame speed moving in the direction of flow (downstreiun ' 
increased to an average of 13.6 m/s (Ul*.6 ft/s) before it exited the d.iwnBtream 
end of the flame chamber (F 86 -F 87 ). Average peak pressure rise in the chamber 
(DF 81 to Dl‘ 87 ) ranged from 1139 to 97*< N/m^ (O.I 65 to 0.1*4l paid). A plot of the 
results from these tests is shown in Figure 8-2. Also shown on this plot are the 
flume speeds in the facility piping that occurred on the last checkout test, 
wheti an arrester was not installed. The flame entered the piping (F81-F73) at 
2. 3 m/s ( 7.5 ft/s) and accelerated up to l8.9 m./s (62.0 ft/s) at the facility 
inlet arrester (F21-F12). A tabular summary of averaged flame speed data and 
peak pressure rise data is presented in Table 1 - 1 . A tabular summary of all 
steady-state data la presented in Appendix B and a tabular siunmary of all 
transient-state data is presented in Appendices C and D. 

Tlie avera»:e flame speeds recorded in this test chamber when using the down- 
stream igniter p. sition (Test Configuration Nos. Hi* and 115) were more uniform 
and lower in value, as shown in the data plot. Figure 8-3. A maximum flame speed 
of 1*.2 m/s (13-8 ft/s) occurred Just upstream of the igniter (F86-F87). The 
flashback flame speed propagating against the direction of flow (upstream) was 
^nly 3.0 m/s (9.8 ft/s). This is about one half the speed obtained using the 
upstream igniter position. Peak pressure rise data were also more uniform and 
slightly lower, with on averaged value of 8 IO N/m^ (0.117 psid). 

The results of these first screening tests indicate that both the dual 
20-mesh screen arrester and the single 30-mesh screen arrester are effective in 
quenching flashback flames with a nominal flame speed up to 6.3 m/s (20.7 ft/s). 
The more severe test condition in the flame chamber is produced when the Igniter 
is located in tne upstream position. The flame speed data obtained from the 
motion picture films corroborate these test results. It was apparent in the 
films that the degree of intensity (brightness) in the propagating flame front 
correlated to the regions of optimum fuel/nir mixture ratio and higher levels of 
localized turbulence. When the upstream igniter position was used, a bright band 
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P'i^^ure 8 - 2 . Propane/Air Mixture UsinK Upstream 
Igniter Position Test Results 
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Figure 8-3. Propane/Air Mixture Using Downstream 
Igniter Position Test Results 





of flfime could be seen accelerating upstream through the center core flow of the 
pltune f the fuel/alr mixture art It expanded from the facility piping. The fuel/ 
nlr mixture ratio in the expanding plume becanu* stratified by gravitational 
effect!': the heavier hydrocarbon vapors settled to the bottom nf the test chamber. 
Wien the downstream igniter position was used, the propagating flame could be 
rteen In the films concentrated mainly in the lower half of the chamber with a 
very biv al and diffused flame fr<'nt moving relatively slowly upstream. Tills 
flame fr>‘nt Increased in brightness and accelerated in speed as it progressed up 
the plume to the test arrester Installed on the facility piping. 


C. KTHYLKNt/AIH MIXTURE SCREENING TESTS 

The second series of screening tests were made with an ethylene/alr mixture 
at the otandard test conditions. The injection equivalence ratio was 1.15 (A/F ■ 
12 . 86 ) for maximum flame speed. Fill time required to charge the flame chamber 
with a combustible mixture of this gaseous fuel was reduced to liOO seconds. The 
nominal equlvaletice at the time of Ignition was 0.70 (A/F ■ 21. l). Both the dual 
20-mesh screen arrester and the single dO-mesh arrester were used in these tests 
with upstrefun and dovmstream Igniter positions (Test Configuration Nos. 117 to 
12 .'*). 

A problem started on the first test when it was discovered that a sustained 
flame developed Inside the exhaus* burn stack piping during the chamber filling 
operaticuis. It Is believed the fltune originated from the natural gas fired 
burner at the top of the stack. Once the ethylene/air exhaust reached a flammable 
mixture level, a flashback flame from the burner impinged on the exit arrester. 

The relatively high flume speed of the ethylene/alr mixture and the low flow 
velocity at this location allowed the flame to penetrate into the core of the 
arrester. It heated the stainless-steel crimped ribbon up to the spontaneous 
ignition temperature (U90®C) for ethylene fuel. At this point, the fl'ime passed 
through the exit arrester, propagated up the piping, and held on the downstream 
face of the inlet arrester. Other than blistering the paint on the outside of 
the piping, this caused no structural damage. 

In the Inlet arrester of the exhaust-burn stack had a core element made of 
spIral-Wvnind, crimped aluminum ribbon. It was four times as long as the exit 
arrester, 15.2 cm (6 In.) compared to 3.8 cm ( 1.5 in.), and approximately the 
some diameter. This larger mass of metal, having higher heat capacity, appar- 
ently prevented the lean ethylene/air flame from penetrating through the Inlet 
arrester. Consequently, the exit arrester was replaced with a unit similar to 
the inlet arrester. The results indicated no further incidents of sustained 
flames in the exhaust-stack piping and the test program to evaluate screen-type 
arresters using ethylene/air mixture flames continued. 

The average flame speeds recorded in the flame chamber when using the down- 
stream igniter position (Test Configurations No. 119 and 121) ranged from 
7.8 m/a (25.6 ft/s) at the Igniter (F86-F87) to U.U m/s (l*i.U ft/s) at the ^ 
arrester (F81-F82). The average peak pressure rise in the chamber was 931 N/m*^ 
(0.135 psid). A plot of the teat results are shown in Figure 8 -I 4 . Both types 
of screen flame arresters were successful in quenching these ethylene/air mixture 
flashback flames. 
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Figure 0-U. Ethylene/Alr Mixture Using Downstream Igniter 
Position Test Results 


j Vfhen the arrester was removed from the end of the facility pipe, the flame 

entered the pipe (F81-F73) at a speed of U.9 m/s (l6.1 ft/s) and accelerated to 
a detonation at the inlet arrester (F21-F12) with speeds in excess of l800 m/s 
(5905 ft/s). The detonation did not produce any damage to the test facility 
> systems. 

The average flame speeds recorded in the flame chamber when using the 
upstream igniter position (Test Configuration Nos. 117, ll8, and 122) ranged from 
6.6 m/s (21.6 ft/s) at the arrester (F81-F82) to l6.3 m/s (53.5 ft/s) at the 
downstream chamber exit (F86-F87). The average peak pressure rise in the chamber 
was 1102 N/m^ (0.l60 psid). A plot of the test results are shown in Figure 8-5* 
The single 30-mesh screen arrester was successful in quenching all flashback 
flames, whereas the dual 20-mesh screen arrester failed to quench any of the 
flashback flames in three test firings. The flame that penetrated through the 
ari'ester screen housing decelerated briefly to 3.9 m/s (12.8 ft/s) in the facility 
piping (F01-F73), and then quickly accelerated to a detonation before reaching 
the facility inlet arrester (F21-F12). Posttest Inspection of the screens fol- 
lowing each flame penetration did not reveal any damage to the screen wire that 
could have caused this failure. 

The results of the second screening tests indicate that the single 30-mesh 
screen arrester is effective in quenching flashback flames with nominal flame 
speeds up to 6.6 m/s (21.6 ft/s). The duiLl 20-mesh screen arrester is not 
effective at this higher flame speed, and the limiting flame speed will have to 
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Figure 8-5. Ethylene/Air Mixture Using Upstream Igniter 
Position Test Results 


be detennined t’rom additional tests. Tne upstream igniter position again resulted 
in the more severe test conditijns when using ethylene/air mixture in the flame 
test chamber. Photographic data flame speeds taken from the motion picture 
films corrviborated these teat results. In accordance with the logic diagram. 
Figure B-1, the follow-on alternate fuels tests were limited to using the 
upstream igniter position only. 


D. GAr>OLINE/ATR MIXTURE TESTS 

The first aeries of alternate fuels tests were made with a gasolire/air 
mixture at the stanaard test condition. The injection equivalence ratio was 
1.10 (A/F = 17.29) for maximum flame speed. Time required to fill the test 
chamber varied depending on the ambient temperature, but averaged around 
900 seconds. The nominal equivalence ratio for ignition was 0.70 (A/F » 20.89). 
Tests were made using the dual <.'0-mesh screen arrester, the single 30-mesh 
screen arrester, the spiral-wound, crimped stainless-steel ribbon ai'rester, and 
the packed bed of aluminum Ballast rings arrester (Test Configuration Nos. 125 
to 130). All tests were made with the igniter in the upstream position. 

The average flame speed between the igniter and the downstream face of 
the test arresters (F81-F82) was h.22 m/s (13.3 ft/s). The highest average 
flame speed was measured Just downstream of the Igniter (F82-F83) at 6.01 m/s 
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(19.7 from there it decelerated to only 2.92 m/e (9.6 ft/e) at the flame 

chamber exit (F66-FflY)- Average peak preseure rise in the chamber was around 
1018 N/m2 (0.ll*8 paid). Without any arrester installed, the flashback flame 
entered the facility piping at 2.00 m/s (6.6 ft/s) and propagated upstream 
reaching a speed of 5.**^ m/s (17.8 ft/s) at the facility Inlet arrester (Fri-F12). 
A plot of whe results from these tests is shown in Figure 8-6. 

The dual 20-mesh screen arrester, the single 30-mesh screen arrester, and 
the crimped ribbon arrester were all successful in quenching the flashback 
flames from the gasoline/air mixture. The pacxed bed arrester, in the original 
test configuration (No. 129), was unsuccessful In quenching the first three fir- 
ings. Flame sensor data actually recorded an acceleration in flame speed during 
passage through the bed of rings, possibly caused by induced turbulence. A 
single 30-mesh screen was Inserted between ti>e downstream face of the bed and 
the retainer grid as shown in Figure 6-7. This test configuration (No. 130) was 
retested using the gasoline/air mixture, propane'alr mixture, and ethylene/air 
mixture. It proved to be successful in quenching the flashback flame from all 
three fuel/alr combinations. During the testing with ethylene/alr mixtures, 
there was evidence of slight pressure spiking in the facility piping 25 seconds 
after Ignition and concurrent with the lean blowout of the flame holding on the 
downstream face of the arrester. Posttest Inspection of the arrester revealed 
no damage to the screen wl»*e, but there was discolotsclonindicating that the 
impinging ethylene/air flame had heated the screen above 550®C (1022®F). 
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Figure 8-6. Gasoline/Air Mixture Test Results 
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Flgi; C-7. rncked Bea ol* Rings Arrester with i’ingle 30-Mesh 
Screen nnd 0!*ld H<‘tr\lner Test Assembly 

The crlmpel ribbon .arrester (Test Configuration N^r. 123 and I 2 U) was also 
evaluated with the propane/alr mixture and et.hylcne, air mixture while they wore 
present in the fuel system. It also proved successful in quenching all flashback 
flames from these fuel/air mixture;:. 

The test.s described above completed the KA.^A funded portion of flashback 
flame tests cn the crimped ribbon ana packed bed arrester configu? at ions. The 
alternate fiiels tests using the two screen-type flame arrester eonf Igurations 
with five additional fuel/air mixtures w*>re funded by the U.S. Coast Guard. 



K. MKTHAKOL/AIR MIXTURE TESTS 

Th^ second series of alternate fuels tests was made with methanol/alr 
mlxtur*- at standard test conditions. The injection equivalence ratio was 1.01 
(A/K ■ 6.U1) for maximum flame speed. Time required to fill the test chamber 
avoragi d 1060 seconds, because of the cold ambient temperatures and the low 
volatility of methanol. The nominal measured equivalence ratio at ignition was 
0.69 (A/F " 9.30). Tests were made with the dual 20-mesh screen arrester 
Hjid the single 30-mesh screen arrester using the upstream igniter position (Tost 
v'ionfiguration Nos. 133 to 135). 

The average flame speed between the igniter and the downstream face of the 
test arroBters (F81-F02) was U.35 m/s (lU.J ft/s). The highest average flame 
speed measured Just downstream of the Igniter {F82-F03) was 5.52 m/s (I 6 .I ft/s). 
Two flame sensors at the exit of the flame chamber (F86 and F07 ) were inopera- 
tive due ' j weather conditions. The average peak pressure rise in the chamber 
way 831 N/m2 (0.120 psld). Without an arrester installed, the flashback flame 
erUered the facility piping with a flame speed of only 2.19 m/s (7.2 ft/s), and 
was unable t.o propagate upstream through the facility piping. A plot of the 
results from these tests is shown in Figure 8-0. Both the dual 20-mesh screens 
arrester and the single 30-mesh screen arrester were successful in quenching 
all flashback flames from the methanol /air mixture. 
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Figure 8-8. Methanol/Air Mixture Test Results 
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F. TCLUEIJE/AIR MIXTURE TESTS 

The thlnl nerieu of ulterrmte fuels tests w* re made with toulene/sir mixtun 
Mt atanUnnl test eoniitlons. The In.lectlon eiulvnlenee rstli. was 1.0*> (A/F ■ 
12.86) for maxlm^am flamo sp<'e<l. Time required to fill th«' test ohiimber avera^'ed 
1070 seitomls. The nominal measured equlvnlenoe ratio at Ignition was 0.68 
(A/F ■ 19.9). Tests were male with the dual 20-mesh screen arrestor and the 
single iO-mesh screen arrestor usltig the upstream Igniter position (Tost 
Conf Igurat Ion No». 136 to 138). 

The average flame speed between the igniter and the lowtistream face of 
the test arresters (F8I-F82) was 5.1*2 m/s (17.8 ft/s). The hlgher.t average 
flame speed measured Just downstream of the igniter (F82-F83) was 6.27 m/s 
(20.6 ft/s); from there it decelerated to only 2.6s m/s (8.7 ft/s) at the flame 
chamber exit (F86-F87). The average p<ak prensure rise in the chambor was 
<>b8 N, m2 (0.098 psld), the lowest value recorded for all fuel/alr mixtures. 
Without a flame arrester installei, the fla.»hback flune entered the facility 
piping with a flame speed of only O.6I m/s (2.0 ft/s) and was unable to propa- 
gate upstream througn the facility piping. A plot of the results from these 
tests is shown In Figure H-9. Both the dual 20-mesh screen arrester and the 
single 30-mesh screen arrester were successful In quenching all flashback 
flfunes from the toluene/air m.lxturer. 
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Figure 8-9. Toluene/Alr Mixture Test Results 


1 

I 


( 


i 


I 


i 

1 

i 


j 



8-11 



G. 


DIETHYL ETHIJI/AIH MIXTURE TESTS 


The fourth series of nltertmte fuels tests were mede with diethyl ether/ 
nir mixture fit stHndnrd test conditions. The injection equivnlence rntio wiis 
1.1^ (A/F ■ 9.73) for muximum flume speed. Time required to fill the test 
chfunber svernged 560 seconds. The nominiil mensuretl equivnlence ratio at the 
time of ignition wan 0.71 (A/F ■ 15.6). Teste were made with the dual 20»mesh 
screen arrester and the single 30-mesh screen arrester using the upstream 
igniter position (Test Configuration Nos. 139 to lUl). 

The average flame speed between the igniter ai»d the downstream face of the 
test arrester (F61-F62) was 5.6l m/s (21. U ft/s). The highest average flame 
speed measured in the center of the chamber (F8U-F65) was 11.95 m/s (39.2 ft/s). 
These flame speeds were the second highest obtained, next to the ethylene/air 
mixture. The average peak pressure rise in the chamber was 937 N/m2 (0.136 paid). 
Without an arrester installed, the flashback flame entered the facility piping 
with a flame speed of 2.96 »a/s (9.76 ft/s) and propagated upstream accelerating 
to 59.**3 m/s (19^ ft/s) at the facility inlet arrester (P21-F12). A plot of the 
results from these tests is shown in Figure 6-10. Both the dual 20-mesh screen 
arrester and the single 30-mesh screen arrester were successful in quenching 
all fliishbacK flames from the diethyl ether/air mixture. 
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Figure 8-10. Diethyl Ether/Air Mixture Test Results 



H. WITANK/AIH MIJCIUBK TEilTJ? 

Th«» firth tu»rie« of altcrnnte fuel* w< re mH'le with b.itane/alr 

mlxt.ur«* nt ntmiilard test condition*. Tlie Injection ••tjulvalenoo ratio wa* l.M 
(A/K ■ li.bB) for maximum flame npeed. Time reijulred to fill the teot ■.•h»«nbor 
averafv I ‘>07 nceond*. The nominal mea*ured equivalence ratio at the time of 
li^nltton waa 0.78 (A/K • 19.0). Teat* were made with the dual ^0-meah acreen 
arreiUer and the alnttle tO-meah acreen arrester ualnii! the upat ream l*tnlter 
|x)B.tlon (Teat Configuration Nos. lUj to lUU). 

The average flame apeed between the Igniter and th«* downatream face of 
the tent arrester (K81-F02) waa 3.6.‘ m/a (11.9 ft/a). The highest average flame 
apeetl measured Just downstream of the Igniter (K8P-K03) waa 5.07 m/a (16.6 ft /a); 
from there It decelerated to only 2.71 m/s (6.9 ft/a) nt the flame chamber 
exit (K8 o-F 87). The average p«*nk pressure rlae In the ch»unber waa 926 N/m‘ 
(O.lUO paid). Without an arrester Installed, the flashback flame entered the 
facility piping with a flame speed of 2.26 m/a (7.^* ft/s) and prcp'agated upatrciun 
accelerating to 17. 5U m'S (57.5 ft/a) at the facility Inlet arrester (F21-K12). 

A plot tf the results fr>’m these teats la ahown In Figure fl-ll. Both the dual 
..'0-meah scr»*en arrester and the single 30-mesh screen arrester were successful 
In quenching all flashback flames from the butane/alr mixtures. 

I. ACCTALUKHYDE/AIH MIXTURE TEST 

The sixth and final series of alternate fuels tests were made with 
acetaldeliydr/ttl r mixture at standard test conditions. The lnjectl> n equivalence 
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Figure 8-11. Butane/ Air Mixture Test Results 




rntio WHM 1.1^ (A/F ■ 6.62) for mnxlmum flame speed. Time required to fill the 
teat chamber averaged 920 seconds. The nominal measured equivalence ratio 
Kt th»- time of ignition was 0.63 (A/P ■ 12.5). Tests were made with the dual 
:’0.mesh screen arrester and the single 30-mesh screen arrester using the upstream 
Igniter position (Test Configuration Nos. lU5 to 1^7). 

The average flame speed between the igniter and the downstream face of the 
test arrester (F81-F82) was 5.30 ra/s (17.4 ft/s). The highest average flam** 
speed measured at the chamber exit (F86-F07) was 12.11 m/s (39.7 ft/s). These 
flame speeds are about equal to those obtained for the diethyl ether/alr mixture. 
The average peak pressure rise In the chamber was 1102 N/m^ (0.l60 psld), which 
Is tne earn** level obtained with ethylene/air mixture. Without an arrester 
Installed, the flashback flame entered the facility piping with a flame speed of 
3.22 m/s (10.6 ft/s) and propagated upstream accelerating to 411 m/s (1346 ft/s) 
at the facility Inlet arrester (F21-F12). A plot of the results from these 
tests Is shown in Figure 6-12. Both the dual <?0-mesh screen arrester and the 
single 30-mesh screen arrester were successful In quenching all flashback flames 
from the aeetaldehyde/air mixture. 


J. AHRESTEF SELECTION FOR SUSTAINED BURNING TESTS 

The tests described above completed the alternate fuel/air mixtures step 
in the test program logic dlagrar.* presented In Figure 8-1. Since both the dual 
J0-mi*8h screen arrester and the single 30-mesh screen arrester were successful 
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Figure 8-12. Aeetaldehyde/Alr Mixture Test Results 
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SUSTAINED BURNING ARRESTER TESTS 


A. PROPANE/ AIR MIXTURE TESTS 

The first series of sustained burning t^its were made with propane/air mix- 
tures at the standard test condition where the injection equivalence ratio was 
l.lU (A/F ■ 13.75). The duration of testing was planned for 30 minutes to allow 
sufficient time for the test assembly to reach thermal equilibrium. In the event 
the flame penetrated through the arrester, the test was terminated as quickly as 
possible to miniuize damage to the facility piping and instrumentation. 

The dual 20-mesh screen arrester and the single 30-mesh screen arrester were 
tested in two different test assembly sizes, the original 15.2-cm (6-in. ^ diameter 
and a new 25.**-cm (10-in.) diameter. This was done to evaluate the effects of 
the fuel/alr mixture approach velocity and flow-through velocity on the thermal 
envlronm^^nt at the screens. The spiral-wound, crimped stainless-steel ribbon 
arrester and the packed bed of Ballast rings arrester were the same configuration 
that proved successful in the flashback flame testing. All arresters were in- 
strumented with additional thermocouples (Figure 9-1) to measure thermal build-up 
and to aid in predicting an impending flame penetration when the arrester tempera- 
ture approached the spontaneous ignition temperature of the fuel/air mixture. 

The following results are for the propane/air mixture sustained burning 
tests. A tabular summary of the test data is presented in Appendix E. 

1. Single 30-Mesh Screen Arrester, 15.2-cra Diameter 

A schematic drawing of this arrestsr test assembly (Test Configuration No. 153), 
presented in Figure 9-2, shows the location of the thermocouple (T6A) used to 
measure the screen temperature. The small sheath-type thermocouple was mounted 
with spring loading against the upstream face of the screen. This method was used 
to maintain point contact and to minimize local flow disturbance. The approach- 
ing flow velocity in the 15.2-cm- (6-in.-) diameter pipe adapter housing was 1.5 
ra/s (5.0 ft/s) and the flow-through velocity in the screen was U.l m/s (13.5 ft/s). 

At the start of testing, the screen temperature reached an initial plateau of 8U*C 1 

(l8i®F) after 180 seconds. The temperature continued to increase slowly until it 
reached 102*C (2l6*F) after 30 minutes of operation. The sustained flame from the 
propane/ air mixture did not penetrate through the single 30-mesh screen arrester. 

A plot of the results is presented in Figure 9-3. Posttest inspection of the 
screen revealed no damage or flame erosion and only slight discoloration of the 
wire mesh. 

2. Dual 20-Mesh Screen Arrester, 15.2-cm Dieuneter 

A schematic drawing of this test assembly (Test Configuration No. 15^), pre- 
sented in Figure 9-2, shows the location of the thermocouples (T8A and T8B) used 
to measure the two screen temperatures. The approaching flow velocity in the 15.2- 
cm- (6-in.-) diameter pipe was 1.5 m/s (5.C ft/s) and the flow-through velocity 
in the screens was 3.3 m/s (10.8 ft/s). Temperature on the downstream screen (T8A) 
reached an initial plateau of 92*C (198*F) after 120 seconds of operation and 
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Fi(<ure 9-i. Typical Thermocouple - notrumentation 

Instailativ n Tor JuBtained Burning Teats 


then continued to increase slowly until it reached 110® C (230®F) after 30 
minutes of operation. The temperature on the upstream screen (T8P) experienced 
a similai* trfuisition, oniy the levels reached were 505 lower. The propane/air 
Mixture flame did not penetrate throiu^;ii the dual 20-mesh screen arrester. A 
plot of the test results is presented in Figure 9-‘* Posttest inspection of 
the screens revealed only slight discvdoraticn of the downstream wire mesh. 


3. Sin^^le 30-Mesh Screen Arrester, J5* *-cm Diameter 

A schematic drawirvr of this arrester test assembly (Test Configuration No. 
155) ♦ presented in Figure % shows the locatiori of the thermocouple (T8A) used 
to measure the screen temperature. The approaching flow velocity in the 25. ^-cm- 
(10-in.-) diameter pipe was O .56 m/s (1.8 ft/s) and the flow-through velocity in 
the screen was 1.5 m/s (ii.9 ft/s). Temperature on the screen reached an initial 
high value of 355®C vt>71®F) after I 80 seconds of operation. This temperature did 
r. t remain constant due to local wind disturbances, but varied around a nominal 
value of 325®C (6l7®F) throughout the full 30 minutes of operation. It appears 
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Figure 9-2. Screen-Type Arrester Test Assembly, 15.2-cm 
Dijimeter, Schematic Drawing 


that the screen temperature vurieu inversely with the flow-through velocity, i 
would be expected. The one-third lower flow-through velocity of this larger 
screen surface resulted In soak-back temperatures three times higher than the 
smaller screen noted above in Paragraph A-] of this section. The propane/air 
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FiF^urp 9-^. Dual 20-Mesh Screen Arrester, 15.2-cm Diameter, 

Propsne/Air Mixture Sustained Burning Test Results 








mixture fiume di'i not penetrate throu«;h this single 30-mesh screen arrester. A 
pl;t or the test results is presented in Figure 9-6. Posttest inspection 
reveal e) .nly slight discoloration of the wire mesh over about 60* of the surface 
area as rhwwn In Figure 9-7. 

1*. Dual .?0-Meah Screen Arrester, 25. ^-cm Diameter 

A schematic drawing of this arrester t -st assembly (Test Configuration No. 
156), presented in Figure 9-5. shows the 1> cation of the therm 'couples (t8a and 
Tttb) used t<j measure the two screens' temperatures. The approaching flow velocity 
in the il5.1^-cm- (10-in.-) diameter pipe was 0.56 m/s (1.0 ft/s) and the flow- 
thr<mgh velocity in the screens was 1.21 m/s (3.96 ft/s). The temperature on the 
downstream screen (T0A) reached an initial plateau value of l60*C (320*F) after 
120 seconds <>f operation and then increased to a nominal value of 190*C (37*«*F) 
for the remaining 30 minutes of operation. The upstream screen temperature (?0H) 
reached 60*C (lUu*F) after 60 seconds and then slowly increased to 70*C (150*F) 
by the end of test. The propane/air mixture flame did not penetrate through this 
dual 20-mesh screen arrester. A plot of the test results is presented In Figure 
9-0. 


The maximum temperature for this 20-mesh screen arrester assembly was expected 
to be higher than that measured on the similar sized 30-mesh screen arrester, 
because of the lower flow-through velocity. Posttest inspection revealed that 
the thermocouple (T0A) was making poor contact with the screen surface and was 
located in an area of low temperature, as indicated by the flame impingement 
pattern on the screen. There was no damage to the screens other than a discolora- 
tion covering about 60!l of the flow area on the downstream wire mesh. A posttest 
photograph of the 20-raesh screens and spacer is presented in Figure 9-9. 



Figure 9-6. Single 30-Mesh Screen Arrester, 25.*«-cm Diameter, 
Propane/Air Mixture Sustained Burning Test Results 
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Figure 9-7* iUngle 30-Mesh Screen Arrester, 25. ^-cm Diameter, 
Posttest 
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Figure 9-8. Dual 20-Mesh Screen Arrester, 25.4-cra Diameter, 

Propane/Air Mixture Sustained Burning Test Results 





Fi^'ure 9-9. Dual 20-Mesh Screen Arrester, 25. ^-cm Diameter, Posttest 

5. “Wound, Crimped Stainless-Steel Ribbon Arrester 

A si'hematli* drawing; of this arrester test assembly (Test Configuration 
No. 1^49), presented In Figure 9-10 shows the location of the six thermocouples 
(T8A to T8F) used to measure the crimped ribbon core element temperature. The 
approaching flow velocity in the 30.5-cm- (l.''-in.-) diameter pipe was 0.39 m/s 
(1.28 ft/s) and the flow-through velocity in the crimped ribbon core element 
was 0.U5 m/s (l.U6 ft/s). Temperature at the downstream center of the core 
element (T8D) reached a maximum value of 1000®C (l832®F) after 900 seconds 
of operation and then slowly decreased to 930°C (1706®F) at the end of the 
SO minutes (l800 seconds). The sustained flame had to be burning inside the core 
element to produce this high temperature, which is considerably above the spon- 
taneous ignition temperature of 50l4®C (9*+0®F) for the propane/air mixture. The 
center of the core element (T8B) reached this spontaneous ignition temperature 
.lust 30 seconds before test teiini nation. It appears that the sustained flame 
was Initially confined to the center portion of the downstream face, and after 
162U seconds of operation, the fltvme had expanded to the outer perimeter (T8A). 
The propane/air mixture flame dia not penetrate through this spiral-wound, 
crimped stalnles?;’.-steel arrester during the 30-mlnute test duration. However, 
tlie core element had not reached a state of thermal equilibrium and there is 
considerable evidence of continuing flame propagation into the core. It is 
quite likely that the ai*rester would have eventually failed. A plot of the test 
results is presented In Figure 9-11. 


% 


Post test lncj>ection of this arrester test assembly revealed some minor 
■;jriage to the core element In the form of distortion and discoloration to the 
stainleso-steel ribbon windings. The retainer grid was also distorted from 
restricted thermal expansion and some grid elements were broken at the weld 
Joints. A posttest photograph of the downstream end of the arrester assembly 
is presented in Figure 9-12. 
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Figure 9-10. Spiral-Wound, Crimped Stainlesa-Steel Ribbon 
Arrester Test Assembly Schematic Drawing 
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Figure 9~11> Spiral -Wound, Crimped Stainless-Steel Ribbon 
Arrester Propane/Air Mixture Sustained 
Burning Test Results 

6. Packed Bed of Aluminum Ballast Rings Arrester 

A schematic drawing of this arrester test assembly (Test Configuration 
No. 151), presented in Figure 9-13, shows the location of seven thermocouples 
(T0A to T8G) used to measure the temperature in the bed of rings and on the 
single 30-mesh screen retainer. The approaching flow velocity in the 25.*»-cm- 
(10-ln.-) diameter pipe was 0.56 m/s (1.8 ft/s), the flow-through velocity in 
the bed of rings is estimated at 0.9** m/s (3.1 ft/s), and the flow-through 
velocity in the 30-mesh screen was 1.5 m/s (**.9 ft/s). Temperature of the J 

screen (T8G) reached the nominal value of 350®C (662°?) after 200 seconds of 
operation and held fairly steady for the 30 minutes duration. The temperatures 
at the top of the oed (T0A and T8D) increased slightly to a maximum of 125®C 
(257®F) due to radiation only; very little conductive and no convective heating 
was possible. The lower part of the bed remained at the nominal mixture inlet 
temperature of 50®C (122®F). The propane/alr mixture flame did not penetrate 
through the 30-mesh retainer screen on the packed bed of rings during the 
30-minute test duration. A plot of the test results is shown in Figure 9-1**. 

Posttest inspection revealed only a slight downstream bowing and discoloration 
of the retainer grid and screen as shown in Figure 9-15. 
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Figure 9-13. 


Pncked Bed of Aluminum Bnllnst Rings with Single 
30-Mesh Screen Arrester Test Assembly Schemntic 
Drawing 



Figure 9-1**. Pni'ked Bed of Aluminum BnllHSt Rings with Single 
30-Mesh Screen Arrester Propane/Air Mixture 
Sustnlned Burning Test Results 


3. KTHYLENE/AIR MIXTURE TESTS 

This Inst series of sustained burning teats were made with ethylene/air 
mixture at standard test conditions where the Injection equivalence ratio was 
1.15 (A/F • 12.66). The planned test duration was 30 roinutet. Only the two 
arrester configurations of the NASA fund»?d program were tested: (1) the spiral- 

wound, crimped stalnlesa-steel ribbon arrester, and (2) the packed bed of 
aluminum Ballast rings. The USCG fundea program lid not require sustained burn- 
ing tests with ethylefte/alr mixtures because the test conditions were con- 
sidered to be too severe for screen-type flame arresters. 

The following results are for the ethylene/alr mixture sustained burning 
tests. A tabular summary of the test data is presented in Appendix E. 


1. Spiral-Wound, Crimped Stainless-Steel Ribbon Arrester 

This is the same arrester test assembly (Test Configuration No. 150) shown 
in Figure 9-10. The test flow conditions were the same as those described in 
Paragraph A-5 of this section. On the first test (Nc. 152**B) the flame penetrated 
into the core (T8A and T8E1 after only 60 seconds of operation and reached a 
high temperature of around 900®C (l65?®F) at 150 seconds. The flame spread to 
the outer perimeter of the core ,T8B and T8 d 1 increasing this area temperature to 
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Fifrurt" 9-x^. Packed Bed of Ballast Rings with Single 
30-Mesh Screen Ai’rester Posttest 



900^C (l65P^F) aft,er seconds of operation. The flame penetrated through 
the 20.3-cm (8-in.) dejah of the core at U23 seconds, so the test was terminated. 
Tenipt^rature measui*ements at the upstream end of the core (T8C and T8F) were 
approaching the spontaneous ignition temperature for ethylene/air mixture of 
U90^C (91^^F) Just before flame penetration occurred. A plot of the test 
results is preserited in Figure 9-16. Posttest inspection of the «w-*rester 
revealed no further distortion and discoloration of the crimped ribbon windings 
•: r the retainer grid. 

The test described above was repeated at the same test conditions and with 
the sane test assembly. This second test (No. 152Uc) produced almost identical 
results as the first test, only flame penetration occurred earlier at 383 sec- 
onds, when the upstream core temperature reached or exceeded the spontaneous 
ignit ion temj^rature for the ethylene/air ".ixture. A plot of the test icsuits Js 
presented in Figure 9-17. Posttest inspection showed no further change to the 
arrestei* test assembly. 


ORIGINAL PAGE IS 
OF POOR QUALIT>’ 
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Figure 9-16, Spiral -Wound, Crimped StainlesB-Steel Ribbon Arrester 
Ethylene/Air Mixture Sustained Burning First Test 
Results 


2 . Packed Bed of Aluminum Ballast Rings Arrester 

This is the same arrester test assembly (Test Configuration No. 152) shown 
in Figure 9-13. The test flow conditions were the same as those described in 
Paragraph A-6 of this section. In the first test (No. 1525B) the temperature 
on the upstream face of the retainer screen (T8G) increased rapidly, reaching 
the spontaneous ignition level of U90®C (91^®F) after only 35 seconds of opera- 
tion. Flame penetration occurred at I 43 seconds when the screen temperature 
reached 560®C (lOUO^F). The bed of aluminum Ballast rings remained at the inlet 
ethylene/air mixture temperature with only the downstream center of the bed (T8A) 
receiving any measurable radiation from the sustained burning. Flame penetra- 
tion through the retainer screen was followed by a detonation in the inlet piping. 
Flame speeds measured in the witness section, which was Just upstream of the test 
arrester section, were at the detonation velocity of around I 83 O m/s ( 6 OOO ft/s). 
This would indicate that the penetrating flame had made the transition from 
deflagration to detonation within the length of the packed bed arrester. A 
plot of the test results is presented in Figure 9-l8. Posttest inspection of 
the arrester revealed some distortion and discoloration of the retainer grid 
and screen assembly caused by internal pressure developed during the dvtonation. 

The above test was repeated at the same test conditions and with the same 
arrester test assembly. This second test (No. 1525C) resulted in a detonation 
immediately after ignition. Posttest disassembly and inspection of the packed 
bed ai'rester revealed that the screen retainer had been impacted in several 
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Figure 9-17. Spiral-Wound, Crimped Stainless-Steel Rilbon 
Arrester Ethylene/Alr Mixture Sustained 
Burning Second Test Results 

places by Ballast rings causing punctures as shown in Figure 9-19. The unde- 
tected damage to the screen was probably initiated to a lesser extent during 
the first sustained burning test that resulted in a detonation. These small 
punctures allowed flame penetration without heat-up on the second test and 
the subsequent detonation enlarged the holes to the size shown. 
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SECTION X 
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CONCLUSIONS 


1 



i 
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The following eoncluslons have been reached from the test results of this 
experimental evaluation of flame arrester devices in a simulated fuel storage 
tank vent stack installation dischargirig eight types of combustible fuel /air mix- 
tures, including: (l) propane, (2) ethylene, (3) gasoline, (U) methanol, 

(5) toluene, (6) diethyl ether, (7) butane, and (8) acetaldehyde. The test 
flame arresters were mounted on the end of a 15.2-cm- (b-ln.-) diameter pipe 
vent located in an unconfined one-atmosphere environment. The standard test 
condition used an injection equivalence ratio from 1.0 to 1.2 to produce the 
theoretical maximum flame speed for the particular fuel/alr mixture in use; the 
fuel/alr mixture temperature ranged from 10 to 38®C (50 to 100®F), and the inlet 
piping nominal flow velocity was 1.52 m/s (5 ft/s). 

(1) An Ignition source upstream near the flame arrester and in the center 
of the exhaust plume produced the highest flashback flame speed lor 
a flame propagating upstream in the direction of the arrester. 

(2) Ethylene/alr mixture produced the highest average flashback flame 
speed of 6.60 m/s (21.65 ft/s), ranging from I 4.86 to 10.66 m/s 
(15.9»* to 3 U .98 ft/s). 

(3) Butane/air mixture produced the lowest average flashback flane speed 
of 3.62 m/s (11.88 ft/s), ranging from 2.92 to U.25 m/s (9.58 to 
li.9k ft/s). 

(U) Flashback flames from the typical bulk cargo fuels tested will propa- 
gate in an open environment, such as the deck of a transport vessel, 
but will not produce a detonation unless they penetrate an opening 
leading into a fuel cargo tank. J 

(5) The single 30-mesh stainless-steel screen arrester was effective in 
quenching flashback flames from all eight fuel/air mixtures tested. 

(O The dual 20-mesh stainless-steel screen arrester was effective in 
quenching flashback flames from all eight fuel/alr mixtures tested 
except the ethylene/alr mixture, where the flame speed was U.86 m/s 
(15.9** ft/s) or faster. 

(7) Damage to a screen flame arrester from a puncture, tear, or corrosion 
that results in holes larger than the original mesh size renders the 
screen useless in quenching a flashback flame. The damaged screen 
should be replaced to restore the arrester's effectiveness. 

(8) The spiral-wound, crimped stainless-steel ribbon arrester was effective 
in quenching flashback flames from the propane, ethylene, and gasoline 
fuel/air mixtures tested, and would probably quench the other five 
fuel/air mixtures listed. 
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(9) Th<- I'Kcked bp'l of Rlmnlnum BHllnst rings nrrester with single 30-mesh 
t?t,Hlnles8-:tt eel screen retnlners wns effective in quenching fl«shbnck 
flfuticn from the propane, ethylene, and gasoline fuel/air mixtures 
tested, (Old would profc bly quench the other five fuel/air mixtures 

list fd . 

IG) Th»- packed bed of aluminum Ballast rings arrester without the single 
io-mesii screen retainer was not effective in quenching flashback 
flanu's from gasoline/air mixtures, and would probably not quench tlie 
other seven fuel/air mixtures listed. 

1 ! ) The test couf i gurat ions for th* single 30-mesh screen arrester, the 

dual /0-meah screen arreste *, the spiral -wound, crimped ribbon arrester, 
and Uie packe.l bed of Ballast ring.> arrester withstood all flashback 
flame testing without any structural damage and only slight discolora- 
tion from the short duration of flame impingement (approximately 
seconds). 

1.’) The single 30-mesh screen arrester and the dual 20-mesh screen arrester 
withstood flames from propane/air mixtures for 30 minutes without 
structural dam»q;e and only slight discoloration of the screen wire. 

The (\iel/air mixture flow velocity through the openings in the screen 
ranged from 1.2 to U.l m/s (3.9 to 13*5 ft/s), depending on the size 
of the arrester test assembly. In each configuration, the screens 
reached a condition approaching thermal equilibrium after approximately 
•<00 seconds where the temperature was well below the spontaneous ignl- 
t Ion temperature for the propane/air mixture. It is concluded that 
the sustained burning conditions on these arresters could have contin- 
ued for an itidefinitc period of time. 

13) The equilibrium temperature on the surface of a screen flame arrester 
at sustained burning conditions is a function of flow velocity of the 
fuel /air mixture passing through the screen; the lower the velocity, 
the higher the equilibrium temperature. It Is possible that at very 
lew flow-through velocities the temperature of the screen would 
increase to the spontaneous ignition temperature of the fuel and the 
flame could penetrate the screen arrester. 

lit) The spiral-wound, crimped ribbon arrester withstood flames from the 
propane/air mixture for 30 minutes. During this time, the flame 
propagated into part of the depth of the core element, causing dis- 
tortion and discoloration of the stainless-steel ribbon. Thermal 
equilibriisn within the core element was not achieved during the 
30 minutes of testing as the temperatures measured inside the ribbon 
windings continued to increase above the spontaneous ignition tempera- 
ture for propane/air mixtures. It is concluded that the flame would 
have eventually penetrated the arrester, given sufficient time. 

Sustained burning from the ethylene/air mixture did penetrate through 
this arrester on two tests of U23 and 383 seconds. Therefore, the 
ability of this type of flame arrester to withstand sustained burning 
is highly dependent on the flame speed and the spontaneous ignition 
temperature of the fuel/alr mixture. 
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The packed bed of BallAst rings arrester with a single 30-siosh 
screen retainer withstood flames from the propane/air mixture for 
30 minutes. The results were very similar to those obtained from 
the single jO-mesh screen arrester, and it is apparent that the bed 
of rings has little or no influence on the performance of this arrester 
configuration. Sustained burning frosi the ethylene/air mixture did 
penetrate through this arrester in only U3 seconds on one test, result* 
ing in a deflagration-to«detoimtion transition within the bed of 
rings. The retainer screen was damaged by impacts from the bed of 
rings, and this damage allowed the flasie to penetrate immediately 
after ignition on a repeat test. It is concluded that the packed 
bed of rings arrester with a single iOnnesh screen is no more effec* 
tive than a single 30*meBh screen in withstanding and quenching 
flashback flames. 


SECTION XI 


RECOhWENDATIONS 


Based upon the results of this test progrrun, the following recommendations 
are mad.e ref^arding the selection and installation of flairie arresting devices n 
fuel storage tank vent stacks in a marine environment: 

(1) Based upon flame quenching capability, structural durability, and a 

low susceptibility to corrosion and fouling, the following flame 
arrester devices have been found effective in preventing flashback 
flames in an open enviroiunent from entering vent openings of a cargo 
tank containing typical bulk fuels: (l) single 30-mesh stainless- 

steel screen, (2) dual 20-mesh stainless-steel screen, (3) spiral- 
wound, crimped stainless steel ribbon, and (^) packed bed of aluminum 
Ballast rings with single 30-mesh stainless-steel screen retainers. 
Ethylene, which is a gas at ambient temperature and pressure, is 
not a typical bulk cargo fuel. 

(2) Based upon the ability to withstand 30 minutes of continuous burning of 
a propane/alr mixture, the following flame arrester devices have been 
found effective in sustaining the flame from typical bulk cargo fuels: 
(l) single 30-mesh stainless-steel screen, (2) dual 20-mesh stainless- 
steel screen, (3) spiral-wound, crimped stainless-steel ribbon, and 

(U) packed bed of Ballast rings with single 30-mesh stainless steel 
screen retainers. Spiral-wound, crimped metal ribbon arresters appear 
to have a finite time duration for sustained burning conditions, and 
should therefore be evaluated for the specific fuel and at the most 
severe condition of the intended applications. None of the flame 
arrester devices tested is effective in sustaining the flame from an 
ethylene/alr mixture for 30 minutes duration. 

(3) Based upon the inverse relationship between the equilibrium temperature 
of a screen flame arrester at sustained burning conditions and the 
fuel/air mixture flowthrough velocity, it is recommended that in fuel 
transfer operations the rate of fuel flow should be fast enough to 
keep the exhaust velocity of vented flammable mixture well above the 
laminar burning velocity of the fuel being transferred. In the event 
of a flashback flame, this safety precaution will aid in keeping the 
screen flame arrester on the vent from over-heating by a sustained 
flame. 

(U) The selection of a location for the flame arrester device on the vent 

stack should be limited to the very end of the pipe. The flame quench- 
ing ability of the arrester is reduced by any length of pipe, housing, 
or mechanical device downstream of the arrester. Screen- typ» flame 
arresters are effective only if they are undamaged by punctures or 
tears in the wire mesh and there are no gaps or holes around the peri- 
phery larger than the openings specified for the 20- or 30-mesh screen. 
All flame arrester devices should be periodically Inspected for damage 
and cleaned to remove fouling and corrosion. 
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(5) The selection of DwteriKls used in the construction of nrresters 
should be based on their compatibility with the local environment 
and the fuel vapors to be encountered. However, stainless steel 
Id recomnended. 

The data and experience obtained from these flashback flame and sustained 
burning tests 1.^ limited to those fuel and air mixtures tested In a 13.2»cm» 
(l6-ln.-) diameter pipe site. It Is recossnended that extrapolation of this 
data should be limited to the following: 

(1) Application to other fuels should be limited to those hydrocarbon 
fuels that have similar combustion characteristics to those fuels 
tested. 

(2) Applications scaled down to pipe sizes smaller than l$.2«cm (6-ln. ) 
diameter are considered to be conservative. 

(3) Scaled>up applications should be limited to pipe sizes no larger 
than a 20. 3«>cm (6»in.) diameter, providing adequate consideration 
is given to structural strength. 
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APPENDIX A 


TEST CONPIGURATION LOO 


Conrigumtlon 

No. Teat No. Description 


100 to 112 


113 

llU 

115 

116 

117 

118 


1U08 to The first thirteen test configurntions were evolveJ 

i^95 during the fnelllty checkout tests. They Included 

the prelimlnnry Installation of a aubscale flame 
chamber that was later replaced by the full»scale 
flame chamber and the exhaust collector burn staok. 
Flame sensors on the flame chamber outer wall were 
repositioned from the horizontal center line to the 
top center line. Three Igniter positions used In 
the flame chamber were (1) upstream, (2) middle, 
and (3) downstream. An aluminum flame shield was 
Installed on the Inlet piping upstream of the flame 
arrestor test section. Also, a second aluminum 
flame shield was installed in front of the down* 
stream flame chamber frangible dlaphram. Fueis used 
on these checkout tests were gasoline and commer<'1al 
grade propane. The test arresters included both the 
dual 20-mesh screens and the single 30-mesh screen. 


1'»96 (A-C) 

1U97 (A-C) 
1U90 (A-D) 
1U99 (A-C) 

1500 (A-C) 

1501 (A) 


This test configuration Is shown in Figure 7*2. 
Flame arrester: dual 20-mcsh screens 

Fuel : propane 

Igniter position: upstream 


Flame arrester: 
Fuel : 


dual 20-mesh screens 
propane 


Igniter position: downstream 


Flame arrester: 
Fuel: 


single 30-mesh screen 
propane 


Igniter position: downstream 


Flame arrester: 
Fuel: 


single 30-mesh screen 
propane 


Igniter position: upstream 


Flame arrester: 
Fuel: 


single 30-mesh screen 
ethylene 


Igniter position: upstream 


Changed the exhaust collector burn-stack flame 
arrester from an Amal spiral-wound, crimped staln- 
lesB-steel ribbon to a Shand and Jure spiral-wound, 
crimped aluminum ribbon assembly. 

Flame arrester: single 30-mesh screen 

Fuel: ethylene 

Igniter position: upstream 
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Conflgurntion 

No. 


Test No.* 


Description 


119 

1501 (B-D) 

Flame arrester: 
Fuel: 

Igniter position: 

single 30-mesh screen 

ethylene 

downstream 

120 

1502 (A) 

Flame arrester: 
F'uel: 

Igniter position: 

none 

ethylene 

downstream 

1?1 

1502 (B-D) 

Flame arrester: 
Fuel : 

Igniter position: 

dual 20-swsh screens 

ethylene 

downstream 

122 

1503 (A-C) 

Flame arrester: 
Fuel: 

Igniter position: 

dual 20-mesh screens 

ethylene 

upstream 

123 

150U (A-C) 

Flame arrester: 
Fuel: 

Igniter position: 

crimped ribbon 

propane 

upstream 


NOTE: All of the following tests were made with the igniter 

located in the upstream position unless otherwise 
noted. 


12 J4 

1505 

(A-D) 

Flame arrester: 
Fuel: 

crimped ribbon 
ethylene 

125 

1506 

(A-D) 

Flame arrester: 
Fuel: 

crimped ribbon 
gasoline 

126 

1507 

(A-D) 

Flame arrester: 
Fuel: 

none 

gasoline 

127 

1507 

1508 

(C) 

(A-B) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
gasoline 

128 

1508 

(C-E) 

Flame arrester: 
Fuel: 

dual 20-mesh screens 
gasoline 

129 

1509 

(A-C) 

Flame arrester* 
Fuel: 

packed bed of rings 
gasoline 

130 

1510 

(A-C) 

Flame arrester: 
Fuel: 

packed bed of rings with single 

30-mesh screen 

gasoline 
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Configurntlon 


No. 

Test No. 


Description 


131 

1511 (A-D) 

Fliune arrester: 
Fuel : 

packed bed of rings with 
30-mesh screen 
ethylene 

single 

132 

• 

1512 (A-C) 

Flame arrester: 
Fuel : 

packed bed of rings with 
30-mesh screen 
propane 

single 

133 

1513 (A-C) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
met ay 1 alcohol 


13i* 

1513 (D) 

Flame arrester: 
Fuel: 

none 

methyl alcohol 


135 

151»* (A-C) 

Flame arrester: 
Fuel: 

dual 20-mesh screens 
methyl alcohol 


136 

1515 (A-C) 

Flame arrester; 
Fuel; 

dual 20-mesh screens 
toluene 


137 

1515 (D) 

Flame arrester: 
Fuel: 

none 

toluene 


138 

1516 (A-D) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
toluene 


139 

1517 (A-C) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
diethyl ether 


lUO 

1517 (D) 

Flame arrester: 
Fuel: 

none 

diethyl ether 


l«4l 

1518 (A-C) 

Flame arrester: 
Fuel : 

dual 20-mesh screens 
diethyl ether 


1U2 

1519 (A-D) 

Flame arrester; 
Fuel : 

dual 20-mesh screens 
butane 


1»*3 

• 

1519 (E) 

Flame arrester: 
Fuel: 

none 

butane 


lUU 

1520 (A-C) 

Flame arrester: 
Fuel : 

single 30-mesh screen 
butane 


1J*5 

1521 (A-C) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
acetaldehyde 
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Con fi munition 

No. Test No. Description 


1U6 

1521 (D) 

FlHBie arrester: 

none 



Fuel: 

acetaldehyde 

1^*7 

1522 (A-C) 

Flame arrester: 

dual 20-mesh screens 



Fuel : 

acetaldehyde 

1U8 

1523 (A-B) 

Changed the test 

assembly to the sustained burning 



test configuration. 



Flame arrester: 

crimped ribbon 



Fuel : 

propane 

IU9 

152U (A) 

Changed the thermocouples in the test arrester 
from open tip ungrounded to closed-end grounded. 



Flame arrester: 

crimped ribbon 



Fuel: 

propane 

150 

152U (B-C) 

Flame arrester: 

crimped ribbon 



Fuel: 

ethylene 


1525 (A) 

Flame arrester: 

packed bed of rings with single 
30-mesh screen 



Fuel: 

propane 

152 

1525 (B-C) 

Flame arrester: 

packed bea of rings with single 
30-mesh screen 



Fuel: 

ethylene 

153 

1526 (A) 

Flame arrester: 

15.2-cm- (6.0-in.-) diameter 
single 30-mesh screen 



Fuel: 

propane 

15U 

1526 (B) 

Flame arrester: 

15.2-cm- (6.0-in.-) diameter 
dual 20-mesh screens 



Fuel: 

propane 

155 

1527 (A) 

Flame arrester: 

25.**-cm- (lO.O-ln.-) diameter 
single 30-mesh screen 



Fuel: 

propane 

156 

1527 (B) 

Flame arrester: 

25.l*-cra- ( 10.0-in.-) diameter 
dual 20-mesh screens 



Fuel: 

propane 
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APPENDIX B 

TABULAR NUMMARY Of TEMPERATURE MEAOl'REMEH'K) 
FOR SUSTAINED BURNING TESTS 
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I Figure 9-l6, Spiral-Wound, Crimped Stainless-Steel Ribbon Arrester 

k Ethylene/Air Mixture Sustained Burning First Test 

r Results 


f 


b 
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2, Packed Bed of Aluminum Ballast Rings Arrester 

This is the same arrester test assembly (Test Configuration No. 152} shown 
in Figure 9-13. The test flow conditions were the same as those described in 
Paragraph A-6 of this section. In the first test (No. 1525B) the temperature 
on the upstream face of the retainer screen (T8 g) increased rapidly, reaching 
the spontaneous ignition level of 1490®C (91^°F) after only 35 seconds of opera- 
tion. Flame penetration occurred at U3 seconds wher the screen temperature 
reached 560®C (10U0®F). The bed of aluminum Ballast rings remained at the inlet 
ethylene/air mixture temperature with only the downstream center of the bed (T8 a) 
receiving any measurable radiation from the sustained burning. Flame penetra- 
tion through the retainer screen was followed by a detonation in the inlet piping. 
Fltune speeds measured in the witness section, which was Just upstream of the test 
arrester section, were at the detonation velocity of around I83O m/s (6OOO ft/s). 
This would indicate that the penetrating flame had made the transition from 
deflagration to detonation within the length of the packed bed arrester. A 
plot of the test results is presented in Figure 9-l8. Posttest inspection of 
the arrester revealed some distortion and discoloration of the retainer grid 
and screen assembly caused by internal pressure developed during the detonation. 

The above test was repeated at the same test conditions and with the same 
arrester test assembly. This second test (No. 1525C) resulted in a detonation 
immediately after ignition. Posttest disassembly and inspection of the packed 
bed arrester revealed that the screen retainer had been Impacted in several 
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Figure 9-17. Spiral-Wound, Crimped Stainle ■■-Steel Ribbon 
Arrester Ethylene/Air Mixture Suetaiued 
Burning Second Test Results 


places by Ballast rings causing punctures as shown in Figure 9-19. The unde- 
tected damage to the screen was probably initiated to a lesser extent during 
the first sustained burning test that resulted in a detonation. These small 
punctures allowed flame penetration without heat-up on the second test and 
the subsequent detonation enlarged the holes to the size shown. 
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Figure 9-lS. Pecked Bed of Ballest Rings with Single 
30-Mesh Screen Arrester Ethylene/Air 
Sustsined Burning Test Results 
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CONCLUSIONS 


Th« following conclusions hnvs teen renched from the test results of thin 
experlsientnl evmluRtlon of flsne Arrester devices In a slmulAted fuel storAge 
tAnk vent stAck Inst AllAt Ion dlschArglng eight types of combust Ihle fuel/elr mix- 
tures, Including: (l) propsne, (2) ethylene, (3) gAsollne, (b) methAnol, 

(5) toluene, (6) diethyl ether, (7) butene. And (8) Acet Aldehyde. TBw test 
flAme Arresters were mounted on the end of a 13.2-cm- (6-ln.-) diameter pipe 
vent locAted In An unconfined one-Atmosphere environment. The stendArd test 
condition used An Injection equlvAlence retlo frosi 1.0 to 1.2 to produce the 
theoreticAl maximum flame speed for the pArticular fuel/air mixture in use} the 
fuel/air mixture temperature ranged from 10 to 38^0 (?0 to 100*’F), and the inlet 
piping nominal flow velocity was 1.52 m/s (5 ft/s). 

(1) An ignition source upstream near the flame arrester and in the center 
of the exhaust plume produced the highest flashback flame speed for 

a flame propagating upstream in the direction of the arrester. 

(2) Ethylene/alr mixture produced the highest average flashback flame 
speed of 6.60 m/s (21.65 ft/s), ranging from b.86 to 10.66 m/s 
(15.9b to 3b. 98 ft/s). 

(3) Butane/air mixture produced the lowest average flashback flame speed 
of 3.62 m/s (11.88 ft/s), ranging from 2.92 to b.25 m/s (9.58 to 
13.9b ft/s). 

(b) Flashback flames from the typical bulk cargo fuels tested will propa- 
gate in an open environment, such as the deck of a transport vessel, 
but will not produce a detonation unless they penetrate an opening 
leading into a fuel cargo tank. 

(5) The single 30-mesh stainless-steel screen arrester was effective in 
quenching flashback flames from all eight fuel/air mixtures tested. 

(6) The dual 20-mesh stainless-steel screen arrester was effective in 
quenching flashback flames from all eight fuel/air mixtures tested 
except the ethylene/air mixture, where the flame speed was b.86 m/s 
(15.9b ft/s) or faster. 

(7) Damage to a screen flame arrester from a puncture, tear, or corrosion 
that results in holes larger than the original mesh size renders the 
screen useless in quenching a flashback flame. The damaged screen 
should be replaced to restore the arrester's effectiveness. 

(8) The spiral-wound, crimped stainless-steel ribbon arrester was effective 
in quenching flashback flames from the propane, ethylene, and gasoline 
fuel/air mixtures tested, and would probably quench the other five 
fuel/air mixtures listed. 


1 ? 
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(9) The pHOked bed of Aluminum BnllAst rings nrrsster with singlt 30*mtsh 
BiainlcBs-steel screen retainers was effective in quenching flashback 
flames from the propane* ethylene* and gasoline fuel/air mixtures 
tested* fuid would probably quench the other five fuel/air mixtures 

listed. 

(10) The packed bed of aluminum Ballast rings arrester without the single 
icj-mesh screen retainer was not effective in quenching flashback 
flames from gasollne/air mixtures* and would probably not quench the 
other seven fuel/air mixtures listed. 

(U) The test configurations for the single 30-mesh screen arrester* the 

i. .al HO-mesh screen arrester* the spiral-wound* crimped ribbon arrester* 
and the packed bed of Ballast rings arrester withstood all flashback 
flame testing without any structural damage and only slight discolora- 
tion from the short duration of flame Impingement (approximately 
?.') seconds ) . 

(ii’) The single 30-meah screen arrester and the dual 20-mesh screen arrester 
withstood flames from propane/air mixtures for 30 minutes without 
structural damage and only slight discoloration of the screen wire. 

The fuel/air mixture flow velocity through the openings in the screen 
ranged from 1.2 to h.l m/s (3.9 to 13.5 ft/s)* depending on the size 
of the arrester test assembly. In each configuration* the screens 
reached a condition approaching thermal equilibrium after approximately 
•(00 seconds where the temperature was well below the spontaneous igni- 
tion temperature for the propane/air mixture. It is concluded that 
the sustained burning conditions on these arresters could have contin- 
ued for an indefinite period of time. 

(13) The equilibrium temperature on the surface of a screen flam«» arrester 
at sustained burning conditions is a function of flow velocity of the 
fuel/air mixture passing through the screen; the lower the velocity* 
the higher the equilibrium temperature. It is possible that at very 
low flow-through velocities the temperature of the screen would 
increase to the spontaneous ignition tmperature of the fuel and the 
flame could penetrate the screen arrester. 

(U) The spiral-wound* crimped ribbon arrester withstood flames from the 
propane/air mixture for 30 minutes. During this time* the flame 
propagated into part of the depth of the core element* causing dis- 
tortion and discoloration of the stainless-steel ribbon. Thermal 
equilibrium within the core element was not achieved during the 
30 minutes of testing as the temperatures measured inside the ribbon 
windings continued to increase above the spontaneous ignition tempera- 
ture for propane/air mixtures. It is concluded that the flame would 
have eventually penetrated the arrester* given sufficient time. 

Sustained burning from the ethylene/air mixture did penetrate through 
this arrester on two tests of k23 and 383 seconds. Therefore* the 
ability of this type of flame arrester to withstand sustained burning 
is highly dependent on the flame speed and the spontaneous ignition 
temperature of the fuel/air mixture. 
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(1^) The pecked bed of Bnlleet rings arrester v.Hh a single 30-mesh 

screen retainer withstood flames from the propane/air mixture for | 

30 minutes. The results were very similar to those obtained from 
the single 30-mesh screen arrester* and it is apparent that the bed 
of rings has little or no influence on the performance of this arrester 
configuration. Sustained burning from the ethylene/air mixture did 
penetrate through this arrester in only b3 seconds on one test, result- 
ing in a deflagration-to-detonatlon transition within the bed of 
rings. The retainer screen was damaged by Impacts from the bed of i 

rings* and this damage allowed the flame to penetrate immediately j 

after ignition on a repeat test. It is concluded that the packed j 

bed of rings arrester with a single 30«mesh screen is no more effec- || 

tive than a single 30-meeh screen in withstanding and quenching I 

flashback flames. | 

I 

I 



10-3 


SECTION XI 


RECOMtBNSATIOXS 
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Based upon the results of this test progrnn, the following recommendations 
are made regarding the selection and installation of flame arresting devices >n 
fuel storage tank vent stacks in a marine environment: 

(1) Based upon flame quenching capability, structural durability, and a 

low susceptibility to corrosion and fouling, the following flame 
arrester devices have been found effective in preventing flashback 
flames in an open environment from entering vent openings of a cargo 
tank containing typical bulk fuels: (1) single 30*mesh stainless- 

steel screen, (2) dual 20-mesh stainless-steel screen, (3) spiral- 
wound, crimped stainless steel ribbon, and (4) packed bed of aluminum 
Ballast rings with single 30-mesh stainless-steel screen retainers. 
Ethylene, which is a gas at ambient temperature and pressure, is 
not a typical bulk cargo fuel. 

(2) Based upon the ability to withstand 30 minutes of continuous burning of 
a propane/alr mixture, the following flame arrester devices have been 
found effective in sustaining the flame from typical bulk cargo fuels: 
(1) single 30-mesh stainless-steel screen, (2) dual 20-mesh stainless- 
steel screen, (3) spiral-wound, crimped stainless-steel ribbon, and 

(4) packed bed of Ballast rings with single 30-mesh stainless steel 
screen retainers. Spiral-wound, crimped metal ribbon arresters appear 
to have a finite time duration for sustained burning conditions, and 
should therefore be evaluated for the specific fuel and at the most 
severe condition of the intended applications. None of the flame 
arrester devices tested is effective in sustaining the flame from an 
ethylene/alr mixture for 30 minutes duration. 

(3) Based upon the inverse relationship between the equilibrium temperature 
of a screen flame arrester at sustained burning conditions and the 
fuel/air mixture flowthrough velocity, it is recommended that in fuel 
transfer operations the rate of fuel flow should be fast enough to 
keep the exhaust velocity of vented flammable mixture well above the 
laminar burning velocity of the fuel being transferred. In the event 
of a flashback flame, this safety precaution will aid in keeping the 
screen flame arrester on the vent from over-heating by a sustained 
flame. 

(4) The selection of a location for the flame arrester device on the vent 
stack should be limited to the very end of the pipe. The flame quench- 
ing ability of the arrester is reduced by any length of pipe, housing, 
or mechanical device downstream of the arrester. Screen- type flame 
arresters are effective only if they are undamaged by punctures or 
tears in the wire mesh and there are no gaps or holes around the peri- 
phery larger than the openings specified for the 20- or 30-mesh screen. 
All flame arrester devices should be periodically Inspected for damage 
and cleaned to remove fouling and corrosion. 




! 
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( 5 ) Tht ■eXtetion of notoriidt um 4 in tht eonttruetlen of furroittro 
■hould bt boMd on thoir coapntibiXlty vltli tht loenl tnviroiiMnt 
Mid tho futl vftpori to bt tneounttrtd. Kovtvor* itnlnltti ttool 
Its rtcoamtndtd. 

The dntft Mid txptritnet obtnintd fre« thoit flnibbnok fleat nnd tutinintd 
burninf teete liii United to thott fuel nnd nir nixturts tentod In n 19.2*e»» 
(l6->in.-) dlfURtter pipe else. It It rt e o— e nded tbnt extrnpoletlon of title 
dntn ehould be United to the follovlngt 

(1) AppX lent Ion to other fuele ehould be United to thoee hgrdrocnrbon 
fuele thnt hnve einilnr eonbuetlon ehnmeterletlee to thoee fuele 
tested. 

is) Appllentlona eonled dovn to pipe eieee ewtller then l$.2«oai (6»in») 
diameter are eoneldered to be eoneervntive. 

( 3 ) Scaled-up appllcatlone ehould be United to pipe eieee no larger 
than a 20.3-cm (8-ln.) dieneter, providing adequate eoneideration 
l8 given to etruetural etrength. 
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I I APPENDIX A 

\ t 

t ■ TEST CONFIOURATXON LOO 


Conflgur«tion 

Ho. Ttst No. Doterlption 


100 to 112 to The first thirteen test conflgurntlons vere evolved 

1^9$ during the feolllty checkout tests. They lnclud(*d 

I • the prellnlnwy Instnllntlon of h subscale fliune 

’ i chiusber thet vns Inter replnced by the full-scale 

flasM chamber and the exhaust collector burn stH<*k. 

, Flame sensors on the flame chamber outer wall were 

repositioned from the horizontal center line to the 
top center line. Three Igniter positions used in 
the flame chamber vere (1) upstream, (2) middle, 
and (3) downstream. An aluminum flame shield was 
installed on the inlet piping upstream of the flame 
arrester test section. Also, a second aluminum 
flame shield was installed in front of the down- 
stream flame chamber frangible diaphram. Fuels used 
on these checkout tests were gasoline and commercial 
grade propane. The test arresters included both the 
dual 20-mesh screens and the single 30-nesh screen. 


113 IH96 (A-C) This teat configuration is shown in Figure 7-2. 

Flame arrester: dual 20-mesh screens 

Fuel ; propane 

Igniter position: upstream 


f 

lll» 

lk97 (A-C) 

Flame arrester: 
Fuel: 

Igniter position: 

dual 20-mesh screens 

propane 

downstream 

1 

115 

11»98 (A-D) 

Flame arrester: 
Fuel: 

Igniter position: 

single 30-mesh screen 

propane 

do%m8trea«i 


116 

1U99 (A-C) 

Flame arrester: 
Fuel: 

Igniter position: 

single 30-mesh screen 

propane 

upstream 

kl 

117 

1500 (A-C) 

Flame arrester: 
Fuel: 

Igniter position: 

single 30-mesh screen 

ethylene 

upstream 

r/'i 

► ! 

118 

1501 (A) 

Changed the exhaust collector bum-stack flame 
arrester from an Amal spiral-wound, crimped stain- 
less-steel ribbon to a Shand and Jure spiral-wound 


crimped aluminum ribbon assembly. 

Flame arrester: single 30-mesh screen 

Fuel: ethylene 

Igniter position: upstream 



<\jnflgurHtlon 

No. 


Test No. 


Description 


119 

1501 (B-D) 

Flame arrester; 
Fuel: 

Igniter position: 

single SOHMsh screen 

ethylene 

downstream 

IPO 

1502 (A) 

Flame arrester: 
Fuel: 

Igniter position: 

none 

ethylene 

downstreasi 

IPl 

1502 (B-D) 

Flame atrester: 

Fuel: 

Igniter position: 

dual 20-isesh screens 

ethylene 

downstream 

WP 

1503 (A-C) 

Flame arrester: 
Fuel: 

Igniter position: 

dual 20-mesh screens 

ethylene 

upstream 

123 

1501* (A-C) 

Flame arrester: 
Fuel: 

Igniter position: 

crimped ribbon 

propane 

upstream 

NOTE: 

All of the following tests were made with the Igniter 
located in the upstrean position unless otherwise 
noted. 

IPU 

1505 (A-D) 

Flame arrester: 
Fuel: 

crimped ribbon 
ethylene 

12*) 

1506 (A-D) 

Flame arrester: 
Fuel: 

crimped ribbon 
gasoline 

126 

1507 (A-D) 

Flame arrester: 
Fuel; 

none 

gasoline 

127 

1507 (C) 

1508 (A-B) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
gasoline 

12B 

1508 (C-E) 

Flame arrester: 
Fuel: 

dual 20-mesh screens 
gasoline 

129 

1509 (A-C) 

Flame arrester* 
Fuel: 

packed bed of rings 
gasoline 

130 

1510 (A-C) 

Flame arrester: 
Fuel: 

packed bed of rings with single 

30-mesh screen 

gasoline 


A~2 


Configuration 

No. 


Tost No 


Description 


131 

1511 

(A-D) 

PlMM Arrester: 
Fuel: 

packed bed of rings with single 

30-mesh screen 

ethylene 

132 

1512 

(A-C) 

Flfuae Arrester: 
Fuel: 

packed bed of rings with single 

30-mesh screen 

propane 

133 

1513 

(A-C) 

FlAme Arrester: 
Fuel: 

single 30-mesh screen 
metitiyl alcohol 

13U 

1513 

(D) 

Plmne arrester: 
Fuel: 

none 

methyl alcohol 

135 

1511* 

(A-C) 

Flane arrester: 
Fuel: 

dual 20-mesh screens 
methyl alcohol 

136 

1515 

(A-C) 

Flame arrester: 
Fuel; 

dual 20-mesh screens 
toluene 

137 

1515 

(D) 

Flame arrester: 
Fuel; 

none 

toluene 

138 

1516 

(A-D) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
toluene 

139 

1517 

(A-C) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
diethyl ether 

ll*0 

1517 

(D) 

Flame arrester: 
Fuel: 

none 

diethyl ether 

ll»l 

1518 

(A-C) 

Flame arrester: 
Fuel: 

dual 20-mesh screens 
diethyl ether 

1U2 

1519 

(A-D) 

Flame arrester: 
Fuel: 

dual 20-mesh screens 
butane 

lJ»3 

1519 

(E) 

Flame arrester: 
Fuel: 

none 

butane 

Ihk 

1520 

(A-C) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
butane 

llf5 

1521 

(A-C) 

Flame arrester: 
Fuel: 

single 30-mesh screen 
acetaldehyde 
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Configuration 

No. 


Test No 


Description 




( 
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146 

1521 (D) 

Flame arrester: 

none 



Fuel: 

acetaldehyde 

147 

1522 (A-C) 

Flame arrester: 

dual 20-mesh screens 



Fuel: 

acetaldehyde 

148 

1523 (A-B) 

Changed the test assttsbly to the sustained burning 
test configuration. 



Flame arrester: 

crimped ribbon 



Fuel: 

propane 

149 

1524 (A) 

Changed the thermocouples in the test arrester 
from open tip ungrounded to closed-end grounded. 



Flame arrester: 

crimped ribbon 



Fuel: 

propane 

150 

1524 (B-C) 

Flame arrester: 

crimped ribbon 



Fuel: 

ethylene 

151 

1525 (A) 

Flame arrester: 

packed bed of rings with single 
30-mesh screen 



Fuel: 

propane 

132 

1525 (B-C) 

Flame arrester: 

. »cked bed of rings with single 
30-mesb screen 



Fuel: 

ethylene 

153 

1526 (A) 

Flame arrester: 

15.2-cm- (6.0-in.-) diameter 
single 30-mesh screen 



Fuel: 

propane 

154 

1526 (B) 

Flame arrester: 

15.2-ora- (6,0-ln.-) diameter 
dual 20-mesh screens 



Fuel; 

propane 

155 

1527 (A) 

Flame arrester: 

25.4-cin- ( 10.0-in.-' diameter 
single 30-mesh screc-i 



Fuel: 

propane 

156 

1527 (B) 

Flame arrester: 

25.4-cra- (lO.O-in.-) diameter 
dual 20-mesh screens 



Fuel: 

propane 
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APPENDIX B 


TABUIiAB SUMMARI OF STEADY-STATE MEASURED 
AIR AND FUEL SYSTEM TEST CONDITIONS 
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APPENDIX C 

TABULAR SUMMARY OF TRANSIENT-STATE MEASURED 
FLAME SPEED AND PEAK PRESSURE RISE 
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APPENDIX E 

TABULAR StEMARY OP TEMPERATURE MEASUREMENTS 
FOR SUSTAINED BURNINO TESTS 
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